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SYNOPSIS 

Bhanu Pratap Singh 
Ph,D. 

Department of Physics 

Indian Institute of Technology, Kanpur, India 

May 1983 

SPECTROSCOPIC PROPERTIES OP PbMoO^ AND PbWO^ 

SINGLE CRYSTALS DOPED WITH Pr^'*' AND 

In this thesis, the results of an investigation 
undertaken to interpret the absorption, fluorescence and 

Raman spectra of single crystals of PbMoO^ and PbWO^ 

3 ’ **!*’ 3 '" 1 "'" 

doped with Pr and Nd are reported. These host crys- 
tals belong to the scheelite family,- 

Sanples for spectroscopic measurements were cut from 
large size single crystals grown by Czochralski technique 
in our laboratory, A resistance type furnace with a sta- 
bilised D.C. power supply (1,5 KVA) was constructed, A 
cold finger glass dewar v;as fabricated for spectroscopic 
measuraxients at low terrperatures. The fluorescence and 
Raman scattering measurements were carried out using an 
Ar"^ ion laser, a double monochromator and a lock in airplf- 
fier, Asbsorption studies were carried out using the 
same monochromator and lock in amplifier, A 1000 watts 
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water cooled tiingaten halogen lamp was used as a white 
light source, A Signal controller was fabricated to control 
the base line in absorption measurements. Polarized 
fluorescence, abso2g5tion and Raman spectra of the samples 
were recorded at liq, temperature. These samples when : 
excited with blue lines of Ar"^ ion laser (488 nm, 476»5nm; 

and 457,9 nm) exhibit a very strong visible fluorescence, 

3+ ^ 

Nd ion is not known to give any fluorescence in the 

visible region in other scheelite crystals. Analysis of 

the fluorescence and absorption data established that the : 

observed visible fluorescence is due to Pr^"^ impurity, 

34- ’ 

.We have estimated Pr concentration in the samples to 

be less than 1 ppm. Attempts to determine this concen- 
tration by atomic absorption and PIXE techniques were 

however unsuccessful. The near IR fluorescence has been 

3-f 3-4- 

attributed to Nd and Pr ions. Based on the flubre— 

34- ^ 

scence and absorption data,, energy level schemes for Pr 

and Nd^"^ have been constructed. Observed crystal field I 

34- ^ 

splittings for Nd are in good agreement with the earlier! 

works, 

34 - 

Unusually strong fluorescence of Pr from such 
dilute samples prompted us to undertake a detailed quan- 
titative analysis of its fluorescence and absorption data, ! 

To our knowledge, observation of a strong visible fluore— 

34- 

scence and crystal field parameters for Pr in molybdate 
and tungstate scheelite hosts are being presented here 
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for the first time. The basic theoretical approach 
followed here for the interpretation of the absorption 
and fluorescence data is to parameterize quantities 
which can not be obtained from ab-initio calculations. 

The angular parts of the matrix elements are calculated 
exactly and radial parts are treated as adjustable para- 
meters in an effort to match the experimental and theo- 
retical results. Free ion levels are obtained from the 
'centres of gravity' of the observed groups of lines. 

The free ion and crystal field radial parameters have 
been calculated. 

The Raman meas\arements were helpful in sorting out 
the interfering Raman lines in the fluorescence spectrum. 
Symmetry of the vibrations have been assigned and compared 
with earlier works on these and other similar crystals. 

Chapter I contains some introductory remarks on the 

crystal spectra of rare earths and a few comments on the 

3+ 3 + 

specific system of interest i,e, PbMO^rPr and Nd 
(where M = Mo or W) , It has been pointed out that Pr^"^ 
ion which has not received sufficient attention in the 
past may be useful for solid state laser applications. 

The approach followed for the interpretation of the data 
has been briefly outlined. 

Chapter II gives an account of the experimental details 
and contains the experimental data. 
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In chapter III theoretical details relevs>nt to the 
present investigation are presented. 

Chapter IV presents the results of our calculations 
using the framework of Chapter III and experimental 
data of Chapter II, 

The significance and the scope of the results obtained 
are discussed in the fifth and final chapter. 

The details of calculations and programming are given 
in the appendix. 



CHAPTER I 


INTRODUCTION 

Elements of the lanthanide series possess the Xe Core 
Structure (Is^ 2s^ 2p^ 3s^ 3p^ 4s^ 4p^ 4d^° 5s^ 5p^), 4f^ 

electrons and two or three loosely bound outer electrons. In 
the crystal spectra of rare-earths, one is primarily concerned 
with the triply ionized atoms. These ions possess 4f electroni 
besides the Xe core, 

1 

In 1907 Becquerel could for the first time resolve the 

bands in the spectra of crystalline lanthanide coirpounds at 

2 

low temperature. In 1929 Bethe published the theory for 
term splitting which results from the influence of the crys- 
talline electric field of a given symmetry, Dae to diffi- 
culties in preparing high purity lanthanide compoiinds, it 
could only be possible in 1934 to obtain some of the lantha— 

3 

nide's solution absorption spectra , Racah in 1942 developed 

4 

the tensor operator techniques and Stevens in 1952 the equi- : 

5 

valent operator techniques for the theoretical interpreta- 
tion of the spectra of such conplex atoms and ions. It was 

s 

in 1957 that Satten for the first time analysed the spectrum- 

of Nd in NdCBrOj) 2 * 9 H 2 O using LS-coupling scheme. Latter 

studies ' suggested the suitability of the intermediate i 

coupling scheme for the treatment of low lying levels in 

the crystal spectra of almost all the lanthanide compounds. 

Since then considerable progress has been made in the inter- ! 

9 

pretation of the spectra of lanthanides , 


The spectra of 



2 


rare earths consist of well separated groups of sharp lines. 
Each group corresponds to the Stark structure of a given 
free ion level. The relative positions of the free ion 
levels do not change much from one host material to another. 
This implies that we are essentially dealing with localized 
electrons. The observed spectra of triply ionized rare 
earths originate from transitions among the states of the 

4f^ configuration. The 4f^ electrons are shielded^ ^ by the 

2 6 

5s 5p electrons/ as a result they interact only weakly 
with their environment. 

The study of the spectroscopic properties of rare earth 

ions provides an excellent method in probing the crystalline 

fields. Moreover, the rare earth ions due to their high 

quantxam conversion efficiency and fast relaxing states above 

the ground level are extremely useful in the development of 

1 1 

solid-state lasers , A study of the spectral properties 
of rare earths, keeping this application in view, becomes 
still more important. 


Tri valent neodymixom possesses most of the characteris- 
tics needed for an efficient laser action. Its fluorescence 
in crystals most suited for lasers (e,g, CaWO^ , YAG, etc,) 
lies in the infrared. The strongest fluorescence corre^onds 

to the transition ^ '^^11/2 1060 nm. Most of 

3+ 

the Nd based lasers operate around this frequency. Though 

12 13 

the visible fluorescence ' has been observed in NdCl^ 

NdBr^ crystals but these being soft crystals, are unsuitable 
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for lasers, Trivalent praseodymixm should be equally inte- 
resting with the added possibility of lasing action in the 

1 Amm"] n 1 ft 1 Q 

visible region , Recently Esterowitz and coworkers ' 

have analysed the absorption and fluorescence spectra of 
LiYT’^:Pr^'^ and reported laser action^'^ at 479 nm at room 
temperature. 

In the present work detailed studies of fluorescence 
and absorption spectra of PbMoO^ and PbWO^ single crystals 
doped with Pr and Nd (grown by Czochralski technique) 
have been undertaken. Polarized fluorescence and absorp- 
tion spectra of these systems are obtained in the visible 
and near IR region. The results are analysed within the 
framework of the crystal field theory, ipart from the 
fluorescence and absorption spectra, the Raman spectra of 
the host materials are also recorded using Ar"^ ion laser 

for excitation. The results of Raman measurements have 

21*— 22 

been conpared with the earlier works on these and 

similar crystals. These spectra have been helpful in sor- 
ting out the interf erring Raman lines from the fluorescence 
spectrum. 

Since the rare earth ions interact weakly with the 
crystalline environment, the natural course in the quanti- 
tative interpretation of their spectra is to treat the 
crystal field as a small perturbation to the free-ion 
Hamiltonian, 
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In the theoretical treatment of the spectra of free 
rare earth ions, the noncentral interactions like the 
electrostatic, the spin-orbit and the configuration inter- 
actions are treated as perturbations to the central field 
Hamiltonian, The matrix elements are calculated in the 
intermediate coupling scheme. Here the basis states 
lUWSLJ^ involve S, L, J as the composite spin, orbital 
and total angular momenta and U and W are additional quantum 
numbers introduced by Racah for a complete classification of 
the states. The angular parts of the matrix elements are 
evaluated exactly but the radial parts are treated as adjus- 
table parameters in an effort to match ejqperimental and 
theoretical results. 

Each free ion level is (2J4-1) fold degenerate. The 

crystal field with less than spherical symmetry removes 

this degeneracy partially or completely. Matrix elements 

of the crystal field interactions are calculated using the 

intermediate coupling xvavefunctions as zero order functions. 

The radial parts are again , treated as adjustable parametersj 

Following this approach free-ion and crystal field parame- 

3+ 

ters and v;avef unctions for PbMoO^ and PbWO^ doped with Pr 


have been obtained. 
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CHAPTER II 


EXPERIMENTAL DETAILS 

1, GENERAL 

1—4 

Several scheelite crystals (e,g, CaWO^ , PbMoO^ , 
Li'YP^ etc.) have proved to be good host materials for their 
applications in lasers mainly for the follox-^ring reasons. 
These are hard and stable materials. Sufficiently large 
size crystals needed for lasers can be easily grown. These , 
crystals can be doped with divalent and tri valent irrpurity 
ions. Since the scheelites are free from rare earth impu- 
rities/ they have an advantage over other host materials 
for the study of rare earth ions. Further, PbMoO^ finds 
use in optoacoustic devices for modulating and deflecting 
light beams. 

In the present work absorption, fluorescence and 
Raman scattering studies of PbXO^ (where X = Mo or W) 
single crystals doped with rare- earth ions are taken, 

PbXO^ crystals are transparent betv;een 2000 cm“^ - 25000an‘"^ 
Following sections outline its structure and doping by rare 
earth ions. 


''’Henceforth we will use this notation to refer to PbMoO^ 
and PbWG^. 
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2- CRYSTAL STRUCTURE 

Lead molybdate and lead tungstate belong to the 
tetragonal system of crystals and possess the scheelite 
type structure with space group ^/a. Figure II-l 

shov/s the position of atoms in the unit cell. For simpli- 
city only Pb and X ions are shown. Unit cell conrcains four 
Pb/ four X and sixteen oxygen atoms occupying the following 
positions: 

Pb : 0 1/4 5/8; 0 3/4 3/4 ; 1/2 3/4 1/3 ; 1/2 1/4 1/8 

X : 0 1/4 1/8 ; 0 3/4 7/8 ; 1/2 3/4 5/8 ; 1/2 1/4 3/8 

0 : (000, 1/2 1/2 1/2) ± (x y s, x 1/2 -y z, 

3/4-y 1/4+x 1/4+z, 1/4+y 1/4-x 1/4+z) 

Crystallographic information for some scheelite 
crystals is simmarized in Table 1(a), Table 1(b) gives 
interatomic distances and angles for PbMoO^ which will be 
very nearly the same for PbWO^ cri’-stals. Main features 
of the structure are discussed below. Each X ion is 
surrounded by 4 oxygen ions forming a slightly distorted 
tetrahedron (cf. Pig, II-2), Thus considering the nearest 
neighbours only, X ion has nearly a cubic environment. i 

The distance ( 1,772 %) between X and oxygen ions is less 

o ! 

than the sum ( •-■1,992 A) of Pauling ionic radii (cf. Table II— 2) 

of X and Q -ions indicating a covalent bonding within the XD^ | 
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O^Oxygen ions (nearest neighbour) 

-Oxygen ions (next nearest neighbour) 

• — Pb ions 

■♦•---■Ions above the horizontal plane 
Ions below the horizontal plane- 

Fig. 11. 2 Oxygen enviornrnent of ions- 
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TABLE Il-l(a) 

Crystallographic Data for Some Scheelites * 


S.N 

. Crystal 


Parameters 



a (2.) 

ci%) 

x/a 

y/a 

z/c 

1 

PbMoO^ 

5.41 

12.08 

0.25 

0.13 

0.075 

2 

PbWO^ 

5.44 

12.01 

0.25 

0.13 

0.075 

3 

CaMoO^ 

5.23 

11.44 

0.25 

0.15 

0.07 5 

4 

CaWO^ 

5.24 

11.38 

0.25 

0.15 

0.07 5 

5 

SrMoO^ 

5.35 

11.94 

0,25 

0,14 

0.075 

6 

SrWO^ 

5.40 

11.90 

0.25 

0.14 

0.075 

X, 

y and z here are with respect to 

X ion at (0#0,0) 



TABLE II-; 

Kb) 




Interatomic Distances and 

Angles 

for PbMoO^** 


Distances (A) 



Angles 


Mo-0 

Pb-0 


0-Mo 

-0 

O-Pb-0 


1.772 

2.610 

2,630 


112°- 

■50’ 

76°-43' 

127°-57' 





107°- 

■40 ’ 

98°-o ' 
1300-12 ' 

•k 

Data taken 

from Ref. 

6 




kk 

Data taken 

from Ref. 

7 
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TABLE II -2 
Pauling Ionic Radii 


Ion 

- . -O , 

Radii [A) 

Pb^'^ 

1,26 

Mo®"^ 

0.65 


0.62 

02- 

1,32 


0,99 

Pr3+ 

1.00 


i 
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tetrahedron. Each Pb ion is surrounded by 8 oxygen ions 

each belonging to 8 different XO^ units. Pour of the 

o 

oxygen ions are at e distance of 2,61 A from the Pb ion 

and four others lie at a slightly larger distance of 
o 

2,630 A. Pile sum of Pauling ionic radii for Pb and 

oxygen ions corrected for a coordination number 8 is 
o 

2,70 A which is comparable to Pb-0 distance. These 
oxygen atoms are at the corners of two interpenetrating 
tetrahedra forming a somewhat distorted cube as shown in 
Fig, II-2.The nature of these distortions is such that the 
site symmetry at both X and Pb sites is S^, The charac- 
teristic element of this point grorp is a fourfold rotary 
reflection axis. It can be seen from Fig, II-l that four 

nearest (out of eight) X ions surrounding a Pb ion lie on 

o 

the corners of a square 'with X-Pb distance of - 3,84 A 

and the next four at the corners of a tetrahedron with 

o 

Pb-X distance of 4,05 A, Pnis constitutes a symmetry 

at Pb site. Hov/everj- this is reduced to due to the 
presence of oxygen ions. Similarly each X ion is in turn 
surrounded by 8 lead ions. 

3. RARE EARTH ION DOPING IN PbXO^ CRYSTALS 

Like other crystals having scheelite structure PbXD^ 
crystals can be readily doped with rare earth ions. Exclud- 
ing the possibility of interstitial substitution in view 
of the compact structure of these crystals^ 


rare earth ions 
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P 4- 1. 

will siibstitute for Pb ' or X ions. If the rare earth 

6 - 1 - 

ions were to raplaca X ^ the resulting optical spectra 
would be very neai'ly unpolarized due to approximately 
cubic environment of the X-ion, The fact that the obse- 
rved spectra are highly polarised indicates that the rare 

6 -*- 

earth ions do not replace X ' ions. Moreover, the spectrum 

of an impurity ion substituting for x'"'' is expected to show 

effects of its covalent bonding to the surirounding oxygen 

ions. The observed spectra of rare earth impurity ions in 

these hosts consist of well separated groups of sharp lines - 

thus retaining t?ie free ion structure of rare earths. This 

suggests that the bonding betv/een the impurity ion and its 

surrounding ions is predominantly ionic. One may tlierefore, 

conclude that the rare earth irrpurity ions substitute for 

Pb and not for X ions in these hosts. Substitution of 

Pb“ ' by a rare 'earth irrpurity ion is favoured due to better 

matching of their ionic radii (cf. Table 11-2) ax^d also 

because of a smaller charge imbalance left by the sxibstitu- 

tion. Because of the h ete.ro valaxxt nature of the substitution, 

it is necessary to compensate the surplus charge which would 

otherwise result in the creation of vacancies in the lattice. 

Such defects contrib'ute to some extra lines in the spectra 

8 9 

of these crystals ' which usually disappear upon charge 

compensation. Charge compensation can be achieved through 

10 

any of the following ways. 



(a) by creating the vacancies at the cation sites 

(b) by lowering the valence of X^'*' to X^'*' 

(c) by the pairing of inpurity ions 

(d) by the replacement of X*^'~ by pentavalent ions 

(e) by the introduction of Na~ ions in the lattice, 

2 4 “ 

replacing Pb ions 
4. SAi'-a^LE PREPARATION 

Neodymium doped samples of PbMoO^ and PbWO^ were 
prepared from large size single crystals''' (typical dia 
■•>.'1 cm and length 3.0 cms) of good optical quality. Ihese 
crystals vrere grov/n from a mixture of analytic grade PbO 
and XO^ (where X = Mo or W). using Gsochralski technique. 
An excess of 0.05% by weight of XO^ was added to the mix- 
ture in order to compensate for losses due to its fast 
evaporation. Neodymium doping in these crystals was 
achieved by adding Nd202 (99,9% pure from Tpache chemicals 
and 99.999% pure from Koch-light laboratory, England) to 
the above mentioned mixture. Charge corpensation was 
accorplished by adding NaX0^.2H2C. Ihie Nd concentration 
in the melt varied from 0,1 to 0,4 atomic percent whereas 
Na concentration in the melt ranged from one to five times 
the concentration of Nd, A chemical analysis of the 

4 - 11 

These crystals were grown by Dr. I.S. Minhas 

•k ■ 

Chemicals were obtained from Fischer Scientific Co. , 

New Jersey, U.S.A. 
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at 

crystals grown with 0.1^ Nd in the melt puts the Nd concen- 
tration at 180 ppm. These crystals have a tendency to grow 
along a direction closely aligned with one of the a-axis. 

As the thermal expansion along c-axis is much larger than 
the esqjansion along a-axis and thermal gradient along ver- 
tical direction is much larger than the transverse direc- 
tion, less strains would result in the crystals growing 
along ©ne of the a-axis. Further, one can usually notice 
two small flats (180° ~ apart) on the crystal surface 
which are normal to the c-axis. These two facts greatly 
simplify the process of crystal orientation. 

5, SAMPLE ORIENTATION AFP POLISHING 

For ascertaining the orientation of the crystal 
by X-ray back reflection laue method, it was glued to a 
goniometer head using paraffin wax. Oriented crystal was 
then cut by a string saw and polished on plate glass using 
water solution of different abrasives. Polishing was ini- 
tiated v/ith relatively rough abrasive (9 - 3 grain size 

Alumina pov/der) , Alumina powders of 1 }.f~ and 0,3^ grain 
size were used at the final stage of polishing, A silk 
cloth was placed on top of the plate glass to avoid scrat- 
ches on the optical surfaces of the sarrple. Typical dimen- 
sions of a polished sanple are /'-■ 6 mm x 6 mm x 10 mm, A 
polarzing microscope was used for the confirmation- of the 
orientation of a finished sanple. 
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6, EXPERIMENTAL SET UP FOR SPECTROSCOPIC MEASUREMEOTS 

The low tenperature absorption spectnjm provides a 
direct map of energy levels lying above the ground state 
and fluorescence spectrum maps low lying levels relative 
to the excited states. Experimental arrangements for 
fluorescence, Raman and absorption measurements were built 
around the same monochromator, cryogenics and the electronic 
detection system. Before we describe the experimental arran- 
gements for different measurements, a description of these 
common elements is in oi'der. 

A, Spectral detection 

The core of our measuring set up is a Carl-Zeiss 
grating double monochromator GEM 1000, Its spectral range 

(from 7500 cm ^ to 17500 cm~^ in first order and from 

—1 —1 

15000 cm to 35000 cm ) in second order and high resolv- 
ing power (<;0,5 cm ) at high intensities makes it spe- 
cially suited for spectral detection even at low light 
levels, GDM 1000 incorporates one 25 Hz chopper for 
making measurements with alt-ernating light. For wave- 
number drive, add on Carl-Zeiss GlBl recorder v/as used. 

The wavenumber read out of the instrument was calibrated 
using several wavelengths of Ne discharge. Some details 
of the GDM 1000 and a calibration chart are given in 
Appendix I, 



18 


B, Cryogenics 

For measurements at liq. temperature a glass 
dewar was fabricated. This dewar eruployed a cold finger 
for sample cooling. The cryostat and sanple holder are 
shov/n in Fig. II-3, Sample holder was made from a copper 
piece and bx'azed to the cold finger to provide better 
thermal conduction, A copper heat shield with five aper- 
tures (one in the bottom and four on the sides) reduces 
the absorption of radiation from the surrounding. The 
dewar was fitted with 4 windows of Coming's 7059 glass 
(soda free glass) plates and two thermocouples for mea- 
suring the temperature of the sample, 

C, Detection electronics 

The Spectrally dispersed light falls upon a photo- 
multiplier tube M12FC51 with S-20 cathode or on a PbS 
detector'"’ (installed for near IR measurements). Figure II-4 
shows the bi,a3ing circuit for PbS detector. The detector 
output is synchronously detected by the lock-in technique 
using PARC Model HR~8 lcx;k-in- amplifier. In lock-in* 

technique the signal is passed through the time internal 

1 '^ . . . 
domain “ to improve signal to noise ratio. For this a 

referoncG time signal is required. The specifics of the 

lock-in-technique are as follows. 

If the light falling on the detector is chopped at 
some frequency, the output will also pulse periodically, _ 
"^Mfd, by Santa Barbara Research Centre, USA, 
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The waveform of this output signal is characterized by 
its amplitude (dependent upon the strength of the light 
pulse), frequency (set by the chopper), phase (on-off time 
xvith respect to the reference) and the duty cycle (on time 
divided by the sin of on-off times. This depends upon the 
size and number of chopper slits). The waveform property 
of interest in our measuremient is arrplitude. White noise 
is a signal random in amplitude, frequency and phase. One 
can abstract the light signal, which is periodic, from the 
random noise by appropriate electronics, 

Lock-in-airplifier selects a band of frequencies from 
a signal spectrum applied to its input and converts the 
information there into an equivalent bandwidth about d-c. 

The output of the detector is first anplified by a high 
quality tuned amplifier, which selectively anplifies all 
signals (including noise) of the same frequency as that 
of the chopper. This selectively amplified signal is then 
passed to a phase-sensitive demodulator in which the irput 
signal is mixed v/ith a synchronous reference signal to pro- 
vide sum and difference frequencies. Because the difference 
frequency produced by that conponent of input signal at the 
reference frequency and synchronous with it is zero, the 
fundamental is converted to a d-c level on which 'the other 
frequencies (noise) are siperinposed. A low pass' filter 
at the outj)ut of the mixer rejects the high frequency 
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coirponents corresponding to the Siam frequency and passes 
the difference frequency v/hich lies within its passband. 

By making the bandwidth of the filter narrow, the effect 
of input noise on the output can be greatly reduced. The 
output becomes simply a d-c level proportional to the 
fundamental component of the irput signal, the noise ave- 
raging to zero. The output signal then is due almost 
exclusively to the light radiated by the sample cell 
(anplitude) , In the folloVv’ing siibsections we v/ill discuss 
the experimental arrangements specific to the particular 
spectroscopy, 

6.1 Absorption Measurement Set up 

The experimental arrangement for the absorption 
measurements is shown in Pig, II-5, Various details are 
given as below, 

6.1.1 Light source : Light from a white light source is 
focussed into the sample cell parallel to the direction 
of observation and xcerpendicular to the c-axis of the 
crystal, A tungsten halogen lamp of 1000 watts xvith 
linear filament (Mfd. by Tungsram, W. Germany) was used 
as a light source for visible and near IR region. Colour 
temperature for these lanps is 2800 K. For continuous 
operation over long periods of time, efficient cooling 

of the lanp is necessary, A water cooling arrangement 
as shown in Pig, II-6 was made. 




sat - up 







f Watar 



Fig. I! .6 


Cooling jacket 
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A copper tube of 1 cm dia having a S mm wide aper- 
ture along its entii'e length meant for housing the lamp 
v/as brazed bach to back vclth another 2,5 cm diameter copper 
tube plugged at both ends with x-zater inlet/outlet connections. 
Electrical contacts to the ends of the lamp are provided 
through two metallic strip springs clarnped to the inlet/ 
outlet connections. These strips were insulated from the 
rest of the assembly by two pairs of teflon washers. A 
IDOlaroicl sheet analyser is used for selecting the polariza- 
tion of the light, 

6.1,2 Hiqli voltage controller : In a single beeim spectro- 
meter used for absorption measurements, large variations in 
the response occur due to emission characteristics of lamp 
and detection sensitivity of PMT, To remove base-line varia- 
tion, a signal controller based on the one described by 
1 3 

Obink et al v/as fabricated with some modifications. The 
underlying principle of ti'ia device and its functioning is 
described below. 


The output from the PHT for modulated light input 
is composed of a d-c and an alternating current 


I =00 

dc “0 


'D 


( 2 . 1 ) 


and 


Ac = ° h ' AM-pspsinapt) 


( 2 . 2 ) 
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where 

G is the gain oi the PMT, 

Cq is the liHuinous flux, 

D is the optical density of the sarrpla, 

J-j { 1 is the Bessel function of first degree, 

is tile rnodulSition anrplitude and 
rn 

CO,, is the modulation fracfuencv, 

d-c current can be 'kept constant by varying tiie flux Oq 

or by varying the PMT gain G, Flux 5 q can be varied by 

changing the dimensions of the slit of the monochromator, 

the so called slit servo method which has 'been used exten- 

14 

sively in the corrmerclal instruments , In v:hat follows 
we describe the circuit of a hicjh voltage controller for 
varying the gain of PMT, It uses the varg^inq d-c signal 
for correcting the varying base-line. 

Figure II-5 shows schernaticalijg the measuring set up 
including the voltage control device. This device (cf , 

Pig, II~7) is niersly a closed loop system with proportional 
and integrative action in the feed back-loop. Anode current 
of the pi'iotomultipliar tube is converted to an equivalent 
voltage by I -V convertex'. This voltages is then compared 

3. c,l. 

with a set point voltage by an error amplifier (with high j 
common mode rejection) , The error signal controls the 
lov7 voltag'e section of the circuit. This section consists 
of a PI controller "whose output V deterraines the gain of 



V„CON\ERTER ERROR AMPLIFIER 





28 


the PMT, an error arrr'lifier to conpare to a set point 
voltage and voltage controlled current source driving the 
L.E.D. of the optoisolator to activate the high voltage 
section of the controller, Optoisolator provides the gal- 
vanic isolation between lov; voltage and high voltage sec- 
tions, The emitter current of the phototransistor of the 
optoisolator has a linear relationship with the current 
in L.E.D,, thus assuring a stable cirrrent behaviour. 

The emitter of phototransistor is coupled to the 

base of a high voltage transistor (BU 205) having the 

dynode resistance chain in series with its collector, 

1 3 

Obink et al used this transistor in parallel xvith dynode 
chain. The series connection has some advantages over this 
configuration which ’we will point out later. High voltage 
transistor changes current through dynode chain in accordance 
X'jith just like a voltage controlled resistance. Owing 
to this variation in current, voltage over the dynode chain 
is changed thereby adjusting the PMT amplification to keep 
d-c term constant. The connection of the dynode chain in 
series with high voltage ti'ansistor avoids the necessity 
of high v;attage resistance in the * 2 mitter circuit of BU205 
cind allows much more capacity of voltage variation. Voltage 
variations of -100 to -1400 volts can be realised, thus 
acGoiranodating correction for very wide light intensity 
changes. A 15 V verier diode provides an auxiliary sipply 
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for the phototransitor while 180 volts Zener is used to 

maintain constant voltage drop between cathode and first 

dynode of PMT, Groiind loops v/ere completely eliminated 

by connecting the lock-in-amplifier just after the I -V 

3 . 3 . 

converter. 

Base line plots v/ith and v/ithout HVC controller 
are shown in Pig. II-8. Some salient features of this 
approach are suimmariaed below. 

(i) Changes in the resolution due to variation in the 
slit width is eliminated. 

(ii) Accessible region is determined completely by the 
light sotirce, optics and detector. 

(iii) It can be used with a conventional high voltage 
supply as an add on device, 

6,2 Fluorescence and Raman Measurement Set up 

Experimental set up for Raman and fluorescence 
measurements is shown in Pig. II-9, A C.W. Ar’’’ ion 
laser (Carl Zeiss Model ILA 120) was used for exciting 
the samples. Unlike conventional light sources lasers 
emit highly concentrated beam of col'ierent radiation. 
Greater sensitivity achieved by laser raxcitation makes 
the detection of very weak lines which can not be 
detected by excitation with the conventional incoherent 
sources/ also feasible. Laser beam traverses the sarrples. 



PMT. voltage drop 



Frequency (cm' ) 

Base line for GOM 1000 (A) Without high volta 

controller (B) with high voltage controller. 
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along an a-axis and perpendicular to the direction of 
observation. For efficient purrping ef sairples for 
fluorescence measureraants and in order to select various 
geD.metries for Rantan measureraents, a Iralf wave plate was 
used for rotating the polairisation of the laser beam, A 
metallic reflector placed above the rximple v/as used to 
reflect the laser beam back to avoid unnecessary heating 
of the sairpl e-holder, A polaroid sheet vras used for 
selecting the polarisation of the resulting radiation 
from the sample, A set of neutral density filters x-ras 
used for studying the dependence of f luo r esc eric e signal 
on the input power. Due to the absence of any servicing 
facility of the laser from the manufacturers, a detailed 
study of the laser circuits etc, v;as made to take up 
repairs required at various stages of this v/ork. The 
Appendix II includes some notes on the troubleshooting, 

7. CRYSTAL, GROV'/TH OF RAPS EARTFI DOPSP SATiPLSS 

Gro-wth. of Er^**" doped PbMoO^ cpfstals by Czochralski 
technique was undertaken. Various details of the technique 
and grov'ch conditions cire outlined in ref, 11 , Initially 
crystals could not be groxirn due to some defects like wob- 
bling of the pulling mechanism which arose due to the over- 
use of the system in the past. Also during these efforts, 
need for a furnace which would have low thermal inertia 
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was realized so that the teriperature changes required 
at various stages of crystal growth could be carried 
out v;ithin a short period. A furnace using resistive 
heating was fabricated to this effect. Special care 
xvas taken to minimise, the vertical temperature gradient, 
A regulated d-c power-supply (75 volts, 20 Amp) i-ms also 
made to have more stable operation of the furnace. The 
circuit diagram for this supply is given in Pig«II-10. 

At this stage it became possible to groxv’ the crystal 
but the progress v;as further hampered due to nonavaila- 
bility of a continuous supply of electricity for the 
duration of a single run. 




Regulated D.C . power supply for the furnac 
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8 , EXPERIMENTAL, DATA 

Experimental data of fluorescence/ absorption and 
Raman measurements on PbMoO^ and FbWO^ samples are pre- 
sented here. The xvavenumbex* positions of spectral lines 
recorded v^ith PMT were read directly from the v/avenumber 

readout of the instrument. The results are reproducible 

—1 

to within +1 cm , However, the v/avenurioer position of 
spectral lines recorded witli IR detector could not be 
taken from the wavenumber readout of the instrument due 

to the noisy signal. The absolute v/avenumber accuracy is 

—1 

better than 1 cm ' . 

A, Pluorescen data 

The polarised fluorescence spectra of polished 

samples of doped PbMoO^ and Fbl/Ci^ crystals v/ere recorded 

at 90 K. The sanples grov;n with 99.9% pure Nd202/ when 

exposed to 4880, 4765, 4727 and 4579 A lines of Ar' ion 

3 + 

laser show very strong visible fluorescence. Nd is not 

known to give any visible fluorescence in these hosts. 

In a later chapter we have shov/n that the observed 

3+ 

visible fluorescence is due to Pr impurity in our 

3+ 3+ 

samples. Near IR fluorescence is due to Nd and Pr 

3-1- 

ions. Attempts were made to measure Pr concentration 
by atomic absorption and PIXE techniques. PIXE spectra 
of Nd^jO^ (99,9% and 99,999%) pure) are reproduced in 
Fig. II-ll, Pr impurity concentration in these chemicals 




,n.n PIXE spectra of NdaOa (99.999'’/o Koch light 
laboratory , England ) and Nd 203 (99-9% pure 
Apache chemicals 1 New Jersey, U.5. A.) 
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v/as beyond the detection limits of these methods. Assiom- 
ing the 0.1% impurity in 99,9% pure Nd^O^ solely of 
puts the concentration in samples having 180 ppn 

3 4 

concentration of Nd to be less than 1 ppm. Slit widths 
of 40,'i- loots, were used, for record! na the visible fluo- 
rescence spectra. Hov/ever, due to the degraded perfor- 
mance of our IR detector the signal was very weak and 
noisy. Slit width of 3 mm size had to be used for record- 
ing near IR region fluorescence. Only the highest power 
blue line of Ar”*" laser (i.e. 4880 A) was used to record, 
the .fluorescence in the near IR region to achieve a 
stronge.r signal. Most of the recorded data correspond 

to the monochromator scanning speed of 2 0 cm /min in 

- 1 

1st orde.r and 40 cm /min in Ilnd order. The data tables 
have been arranged according to the impurity ions. Fluo- 
rescence spectra of PblioO^ samples are reproduced in 
Pigs. 11-12 - 11—15. Lines marked with asterisks corres- 

3_l 

pond to Nd fluorescence. In Table II-3 the data for 

3 3 

the fluorescence observed from level of Pr ' in 

PbMoO^^ crystal is presented. Table II-4 presents the 

1 3+ 

data for the fluorescence from level of Pr in 

PbMoO^ sample. Table II-5 contains the data for the 

4- 3 H- 

fluorescence from ^2/2 • Fluorescence 

3 + 

spectra for Pr :PbWO^ are reproduced in Fig, 11-16 - 

3 

11-17, Data for the fluorescence from Pg level of 
Pr“'"^’ in ?bWO^^ crystals is presented in Table II-6 and 
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1 

that corresponding to the fluorescence from level 

is given in Table II~7. Assignments of the lines of 
Pr and Nd ' are also mentioned in these Tables, 


B. Absorption data 


Polarized absoirption spectra for PbMoO^ and PbWO^ 

samples v/ere recorded at 90 K, The absorption spectra 

of PbMoO^ samples recorded on the set up shown in 

-1 

Fig. II--5 in the region 16500 ~ 25000 cm is reproduced 

in Pig. 11-18, The lines, marked with astei^ks have been 

3--'- 

identified to belong to Pr ' impurity and are listed in 

4 

Table II-8, The absorption spectrum of ^ 2>/2 
3 + 

Nd is given in Pig, 11-19 and the corresponding data 
is listed in Table VI-9i, Slit width of 50 I'm and scan- 
ning speed of 100 cm /min were used for recording this 
spectrum. Absorption spectruiri of doped PbW0_^ saiinples 
was recorded on Garry 14. Part of it is reproduced in 


Figs. 11-20 - 11-21. The absorption lines marked with 

3 

the asterisks, v/e believe are due to Pr impurity. 
These are listed, in Table II-lO. 

C, Raman data 


Raman spect.ra of pure host crystals (i.e, PbMoO^ 
and PbWO^) were recorded at 90 K and room temperature. 
In Pigs. 11-22 and 11-23, the Stokes and antiStokes 
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Raman spectra for PbMoO^ are reproduced and those 

corresponding to PbWO^ are shovjn in Figs. 11-2 3 - 

11-24, These spectra were recorded using various 

lines of Ar‘ ion laser (e.g. 48S0, 4763, 4579 and 
o 

5145 A etc.). Slit widths of 50-100 m and scanning 

— 1 

speeds of 100 cm “/min were used for these measurements. 
Observed Raman lines and their relative intensities in 
various geometries for PbMoO, and PbWO. single crystals 

ft 

are listed in Tables II-ll and 11-12 respectively. 




t6407 16787 17814 18374'19614 20734 

FREQUENCY (cm‘) 

Fig -11 .12 Fluorescence spectra of in PbMoO^ single crystals qt 90K , o 

lines. 


41 



Fig. II .13 Fluorescence spectra of Pr^ in PbMo04 single crystals at 90 K 





Lines correspond to tt\e fluoresceiKC of 



7487 7787^^9187 9727 1028’? 

FREaUENCY {cm') 

Fig. 11. 15 Fluorescence spectra of Pr^'*’and lskl^^inPbMo 04 single crystals at 90K. 

. ' ■ ' 34^ ^ 

Lines correspond to the fluorescence of Nd . ^ 
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TABLE I I- 3 


Observed 

Fluorescer 

:ce trom 

Level 

f Z Pr^"^ 

in PbMoO^ 

at 90 K 

' U , , 

Terminal 

multiplet 

Line 

Position 

(cm ) 

FM-L'I 

(cm~^ ) 

Relative 

(arbitrar 

Intensity 

y Units) 

Stark 
Conpo- 
nents '. 

( cm“ 1 ) 

Symmetry 

assignments' 

Itt 

. . 


20499 

16 

9850 

445 

0 

Ti-^ri 


20438 

11 

1800 

5400 

61 

Pi-^Ta 


20378 

30 

990 

170 

- 



20324^ 

- 

- 

- 

- 



20317^ 

35 

185 

100 

- 



20176 

_ 

- 

- 

- 



20101 

60 

340 

385 

398 



18278 

7 

110 

330 

2221 

f 3 


18254 

8 

20 

45 

2245 

Pi-^Pa 


18010 

19 

770 

95 , 

2489 

ri^r2 

\ 

16180 

11 

2700 

1575 

4319 



16133 

11 

700 

4900 

4366 

Ti-^ra 

F 

15461 

rC 

4900 

— 

5038 



15452 

O; 


8460 

5047 

^1— ^-fa 


15406 

50 

72 

20 

- 



1 5 3 3 6 

25 

10 8 

115 

- 


^3 

14115 

3 

36 

'220- 

6384 



14086 

3 

208 

48 

6403 

ri->r2 


14019 

4 

32 

4 

6413 

Pl-^Pg . 


13990 

3 

- 

8 

6480 

Pi-^Pa 


Gontd, 
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TABLE 1 1- 3 (contd. ) 


Terminal 

Multiplet 

Line PWHM 

Position 

(cm”^) (cm""^) 

Relative Intensity 

( a rbi t ra ry nn i t s ) 

Stark 

Cortpo- 

nents 

Symmetry 

assignments. 


I/,::-. - - - . . 



13687 5.5 

13662 4.5 

36 22 4 

282 44 

6812 

6837 

P1--P2 


10 960^ 

10916^ 

5 

4 

9539 

9583 

f 1 —irVz 
Pi-Ps 


a - refers to the vibronic lines. 

b - refers to the lines recorded with PbS detector. 
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TABLE II-4 


Observed : 

Fluorescence 

From 

1 

Level 

of Pr^"^ in PbMoO^, 

at 90 K 


Terminal 

Multiplet 

Line 

Position 

(cm“^) 

FWHM 

r 

vcm 

Relative 

arbitrary 

) ■ ■ 

Intensity 
. tinx*c3 

Stark 
Compo- 
nent - 
[cm"^) 

S .-Sym- 
metry 
Assign- 
ment 

3 

16755 




61 

n 

! 3 


16632 

16 

3700*' 

1050 

0 

Hi "^^2 


16571 

16 

400 

4700 

61 

(1-73 


16522 

12 

300 

4300 

61 

r2-p3 


16452 

— 

500 

— 

131 

2 

3 

14387 

22 

— 

20 





14375 

8 

32 

16 




14361 

8 

~ 

8 

2221 

r? fT 

1 2'^i 3 


14338 

5 


2 




3 

12310 

- 

22 

12 

4319 

1-0 


12210 

- 

18 

18 

4366 

)2-0 


12187 

- 

20 

- 

4396 

( 1-^1 


12085 

12028 


o 

• 1 

CO 

10 

6 

4555 

r-7 ry 

\ 1 


contd. 
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TABLE II-4 (contd, ) 


Terminal 

Multiplet 

Line 

Posi- 

tion 

^ -In 
( cm j 

^ P W HI'4 

(cm ) 

Relative 

(arbitra. 

Intensity 
ry units) 

Stark 

Compo- 

nent 

(.cm ) 

Symm, 

Assignment 



I 

<r 



11587 

- 

36 

46 

5047 



11534 


24 

30 



3 

10195 


■— 

52 

6388 

O-in 


10153 


142 

106 

6480 

r - ->r 


10121 


22 

"** 

6509 

-7 p 

3 


10072 





p X fv 
' 2 ‘ 3 


9813 


52 

40 

6812 

("T r7 

ll --^l 3 


9792 

- 

58 

48 

6837 

ii-^n 


9767 

- 

76 

58 

6812 

fa - Ta 


9638 

- 

400 

390 

6944 

q Pi 


9598 



- 

6985 


. . . . 1 

9541 

t 

i t 

20 


7044 



:*with 4765 A laser excitation and 50/<- slit width, this line 
generates 25 nA PMT anode current (PMT M12PC51 sensitivity 
s 109 /*A/lm). 
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TABLE II-5 

Fluorescence of Nd^'*' in PbMoQ^ at 90 K from the Level ^^^ 2/2 


Line Relative Intensity Position Symmetry 

Terminal Position arbitrary/ units- of Stark assignment 
Multiplet _i I I Component 

(cm ~ ) Tf <r (cm“^) 


4i 

^9/2 

11435^ 

70 

- 

- 

? 


11397b 

60 

- 

0 

P7 iv 


11355 

90 

80 


rz - ^ b 





96 



11304 

50 

75 


J ~7 7 


11251 

160 

140 

146 

Pv Pe 


11191 

160 

140 

206 

I 7 -^^6 


11089 

80 

50 

363 

f'l ‘'"l 


11033 

100 

100 


n ii 


'^T 

^11/2 

9490 

9447 

9 394 

189 

355 

165 

118 

284 

213 

1961 

2004 



9357 

118 

- 

2 040 

P 7 P 


9294 

118 

- 

2157 

j 5 7 


9262 

142 


2135 

P P 


Origin of the line could not be understood 


b - Polarization is not in accordance to the selection rules 






rization 



FREQUENCY (cm') 

Flg.!1.17 Fluorescence spectra of in PbW 04 single Grystdis at 90 K . 
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TABLE I I -6 

Fluorescence of Pr^'*' in PbWO^ from Level at 90 K 


Terminal 

Multiplet 

Line 

Position 

(cm~^') 

FVvlLI 

Relative I 
arbitrary 

ntensity 
units/ ■ 

Stark 
Compo- 
nent 
.... i..CTOrA). 

^4 

Symmetiry 

Assignment 

(cm~-^) 

V 

T 

"(T 

3 

H. 

4 

2 0586 

12 

1500 

100 




20564 

12 

9300 

370 

0 



20543 

15 

- 

320 




2 0502 

18 

- 

2000 

62 

n^rl 


20398^ 

20 


120 




20362® 

35 

120 

170 




20335® 

45 

150 





20245® 


- 

“ 




20155 

35 

12 0 

170 

409 


\ 

18061 

25 

14-0 

- 

2503 


\ 

16299^ 

10 

30 

70 




16277^ 

15 

85 

- 




16239 

14 

735 

200 

4325 

P P 

' 1"7 1 2 


16191 

20 

140 

695 

437 3 







87519 , 


contd. 
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table I 1-6 (contd.) 


Terrainal 
Mult ip let 

Line 

Position 
(cm“-^ ) 

FWHM 

Relative intensity 
arbitrary units 

Stark 

Compo- 

S4 

Symmetry 


( cm ^ ) 

ir 


nent 

Assign- 




^cr 

(cm“^) 

ment 

2 

1552 7 

10 

330 

62 5 

5056 



15507 

10 ■ 

890 

- 




155 01 

9 

- 

4250 

5063 



15458^ 

12 

390 

510 




15424^ 

15 

550 

160 




15397^ 

12 

- 

120 




15381^ 

15 

245 

- 




15369^ 

12 


200 




3 

14191 

3 

— 

6 

6399 

17 -^rs 


14165 

3 

5 

38 




14137 

3 

40 

5 

6427 

fl -^^2 

3p 

^4 

13737 

6 

14 

50 

682 7 



13721 

6 

16 

- 




13710 

6 

76 

9 

6854 



a - refers to vibronic transition 
b - origin of this line not understood 
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TABLE II-7 


Fluorescence from 



of in PbWO^ at 90 K 


Terminal 

Multiplet 

Line 

pos. 

(cm“^) 

FWI-M 

(cm ) 

Relative 
Intensities 
(arb. units) 

Stark 

Corrpo- 

nent 

(cm ) 

Symm, 

Assign- 

ment 

3 

H 4 

16865 

- 

- 

10 

0 



16661 

20 

420 

75 

0 

i] /I 


16601 

27.5 

- 

340 

61 



16557 

22.5 

- 

310 

61 



d 

16545 

17.5 


2 90 


? 


4- Orl^iK tlear 



16474 


23974 


20224 

FREQUENCY (cm') 

Fig . II . 18 Absorption spectra of Pr^*' and Nd in PbMoO^ 
single crystal at90K. 
it -Lines correspond to Pr^t 
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TABLE II-8 

4 - 

Absorption Data for Pr" in PbMoO^ at 90 K 


Multiplet 

Absorption 

F14HM 

Relative I: 

rtensity 

Assign 


Energv’- 


(arbitrary 

units ) 

ments 


(cm~^) 

(cm“^) 

% 



'^4 

6807^ 

- 

- 

- 

j-7 p 

’ 2 ~^ / 1 


16632 

16,0 

225 

- 

11-^ Pi 


20438 

15.0 


150 


20499 

11.0 

1400 



"^6 

20522 

- 

100 

- 

p p 


20834^ 

20.0 

250 

- 

? 


20992 

20.0 

250 




21053 

12.5 

50 

225 



22112 

30.0 

- 

100 



22175 

23.0 

1100 

- 



322 50 

25.0 


500 


a “ This 

line was recorded on 

CarrY“14. 



b - Ite interrogation 

mark " ?" 

in the las 

t column 

indicates 


that the origin of this line is not understood.. 


I 
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TABLE II~9 


Absorption Data 

r 4^ 

for 

4^ 

■ / ^.,0 ^9 - 

Level of Nd^’'" 

in PbMoO^ 

1.. 1. 1 -r , 

at 90 K, 





Absorption' 

Energy 

(cm ,^) 

Relative Intensity 

Energy of 

4 

S 4 Symmetry 

I 

7T 

1 

(arbitrary 

Se- 
nnits ) 

-Lg/sStark 

Component 

(cm ) 

Assignment 

11451 

1560 

1340 

0 

n ^ rr 

h * 6 

11397 

500 

500 

0 

n r 

j rj ^ 1 r-j 

11355 

500 

360 

96 

j q Jr ("5 

11306 

30 

40 


\ q.^jq 

11246 

200 

ISO 

2 05 

I s ^7 



AO^JUHDAfNuc. iaro. uniiss/ 


WiO 5840 5680 

WAVELENGTH (X) 

FigJI.20 Absorption spectra of Pr^"** and Nef* in 
PbW 04 single crystal at 90K. 

# - Lines correspond to Pr^V 
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O 



o< 


z 

yj 

> 

< 


"S 

c 

m 


O 

5 : 

X) 

a. 


+ 

cn 

X3 

"O 

c 

o 

+ 

<fO 

k. 

Q. 


a 

Imut 


4 - 

fO 


U 

:x: 


Q- 

«/) 

C 

g 

4liM# 

a 


o 

CD 

o 

i5 

o 


o ^ 

Itoac 

<t O 


CM 


a. 

o 

Xf 

c 

o 

a 

0 ) 

C5> 

u. 

Ik. 

0 

U 

iA 

<S 

C 

1 


0 ) 

,iZ 
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TABLE II-IO 


Absorption Data 


for Pr 


3+ 


in PbWO^ at 90 K 

4 


Multiplet 

Absorption 

Energ^^ 

(cm“^ ) 

PWHM 
(cm“^ ) 

Relative 

arbitrary 

Intensity 

units 

S^-Sym- 

metry 

assign- 

ment 

V 


■ 

16661 

15 

140 

- 


0 

20502 

15 


loo 

t 

pro 


20564 

15 

820 



-^6 

20543 



* 

v.w. 

fl ^ Ta 


20586 

14 

170 

- 

'"2 n. 


2 0859'^ 

18 

80 

50 



21056 

21 

150 

M. 



21118 

21 


190 


^-2 

22179 

23 

— 

50 



22241 

26 

500 


il-^Pi 


22321 

29 

— 

200 

/2 -y 1 3 


a - Origin of the line not understood. 




RELATIVE INTENSITY (!) 
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Pig- 



-23 Raman spectra (antistokes) of PbMo 04 
single crystal at room temperature. 
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TABLE II-ll 

Room Temperature Relative Intensities of Raman Active 
Vibrational Frequencies of PbHoO^^ oinqle Crystal in 
Various Geometries « 


Vibrational 

Frequency 

(cm ^ ) 

Relative 

Intensity 

(arb. un. 

its ) 

X ( zs )y 

x(zx)y 

x(yy) z 

x(yx) z 

871 

1950 

340 

65 00 

590 

768 

- 

50 

1050 

120 

744 

- 

140 

- 

40 

350 

- 

35 

- 


348 

- 

- 

250 

70 

319 

1500 

170 

1900 

- 

318 

- 

“ 

- 

270 

191 

- 

30 

- 

- 

167 

20 

40 

950 

100 

102 

- 

25 

- 

- 

74 


- 

- 


65 


- 

1500 

165 

62 


350 


■mm . 


54 


v.w 


v.w 



RELATIVE INTENSITY (I) 



.1!. 24 Raman spectra (stokes) of PbW 04 single 
crystal at room temperature. 




RELATIVE INTENSITY (1) 


65 



Fig. 11.25 Raman spectra (antlstokcs) of PbW04 

single crystal at room temperature. 
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TABLE II~12 


R oom Temperature Relative intensities of Raman Active Vibrational 
Frequencies of PbVvO,^ Single Crystal in Various Geometries 


Vibrational 

Frequency 

(cm”^ ) 

Relative 

Intensity 

(arb. 

, units) 

X (3z)y 

X ( 2X ) y 

x(yy) 

2 x(yx)z 

905 

IlOO 

40 

1520 

385 

766 

- 

3,5 

280 

70 

753 


22 

- 

10 

360 

- 

5.0 



358 

- 

- 

80 

50 

328 

840 

23.5 

340 

- 

325 


- 

200 

17 5 

193 

- 

10 

- 

- 

178 

- 

4 

280 

80 

89 

- 

2 5 

- 

~ 

76 

- 

- 

_ 

80 

62 

- 

130 

_ 


54 

1920 

256 

980 

450 

52 




250 



67 


REFERENCES 

1, L.P. Johnson, J. Appl. Phys. (USA) M, 897 (1963). 

2, V,L. Bakumenko et al., Cpt. and Spect. 19 , 68 (1965), 

3, AoA. Kaminskii and S.E, Sarkisov, Sov. J. of Q. 

Electronics (USA) _3/ 248 (1973). 

4, L. Esterowitz et al., J„ Appl. Phys. (USA) 48^ 650 (1977), 

5, Douglas A. Pinnoi'/, IEEE Journal of Quantum Electronics, 
q E~6 , 223 (1970). 

6, R.W. GQ Wyckoff, Cr^^stal Structures Vol.II (Interscience 
Publishe;rs, Inc., New York) 1960. 

7, Janusz Leciejewics, Zeitschrift fur Kristallographie, 

Bd 121 , S158-164 (1965). 

8, K, Nassau and G. M. Loiacono, Phys. Chem. Solids 24 , 

1503 (1963). 

9, G.R. Jones, Optical Properties of Ions in Crystals 
(Interscience Publishers, Nev7 York 1967) pp 85-103; 
Editors; H.M. Crosswhite and H.W. Moos. 

10, K. Nassau and A. M. Broyer, J. ippl. Phys. 33 , 3 064 (1962), 

11, I.S.Minhas, A Study of the Optical Properties of 

3 + 

Md ;PbMoO^ System - Ph.D, dissertation, 

12, To Shiga, K. Shiga and M. Kuroda, Anal. Biochem, 44 , 

291 (1971). 

13, u'.ii, Obink and M.F. Kezemans, Journal of Physics E ; 
Scientific instruments iQ , 769 (1977). 

14, No So Tukarov, Instruments and Ej^perimental Tech. _2, 

1195 (1967). 



CKAPTER til 


THEORETICAL FRM4EWORK 
1. INTRODUCTION 

In the sixth period, the lanthanides (Ce; Pr; - Nd; 

Pm; Sm; Eu; Gd; Tb; Dy; Ho; Er, Tm; Ib) and in the seventh 

period the actinides (Th; Pa; U; ]%; Pu; Am; Cm; Bk; Cf) 

have ground configurations containing £-optical electrons. 

The neutral lanthanides have, in addition to 4f-electrons^ 

2 2 6 

a xenon closed shell structure of electrons (Is , 2s , 2p 

3s^, 3p^, 3d^*^, 4s^, 4p^, 4d^^, 5s^, 5p^) and 6s^ or 6s^5d 

2 

outer electrons. The loosely held 5d and 6s electrons 
are readily detached from the atons giving rise to stable 
trivalent ions both in pure metals and in salts. Though 
the 3+ oxidation state is most stable for the lanthanides, 
other oxidation states also have been found to exist, 

1 2 

Mayer and others ’ have shown that the inperfect 
shielding among the 4f -electrons results in an increased 
nuclear attraction for f-electrons as atomic number 
increases in the lanthanide series. Development of this 
potential well near the nucleus causes the reduction in 
the spatial extension of the 4f^ shell such that the 4f 

radial wavefunction peak lies closer to the nucleus than 

9 6 3 ' ' 

the peaks of 5s and 5p radial wavef unctions , The 

2 6 

shielding of the 4f-electrons by the outer 5 s 5p elec- 
trons prevents any strong interaction of the f-electrons 
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with their environment. Consequently, the natural course 
of our approach for the theoretical interpretation of 
rare earth ions will be to neglect their interaction with 
the crystalline environment at the first stage of calcu- 
lation and concentrate on the free ion interactions. Fair 
amount of information on the free ion levels of rare earth 
ions can be extracted from ‘centres, of gravity' of the 
observed groups of lines in their crystal ■ spectra. The 
crystal field interaction can then be treated as small 
perturbation to the free ion Hamiltonian. 


2. FREE ION treatment 


2,1 Central Field Approximation 

For the theoretical interpretation of free ion 
spectrum, one is required to solve the Schrodinger equation 


jd 


CP 


E„q 

F^CF 


(3.1) 


Free ion Hamiltonian for N electrons can be written 
as 




2 e^/r 
i < j 


ij 


X 

(3.2) 

ih ^ 1 dU ( r . ) 

where 1 (r, ) = , 

(3.3) 


2m‘^c"^ r^^ dr^ 
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the distance between ith electron and the 
nucleus, is the interelectronic distance and other 

quantities have their usual meaning. In equation (3,2) 
summation is carried over all the N electrons. 

The first term in the Hamiltonian is the sum of 
the kinetic energy of all the electrons, the second term 
is the potential energy of all the electrons in the field 
of the nucleus, the third term is the repulsive Coulomb 
interaction betv/een the electrons and the last term 
represents the spin-orbit interaction. 

For atoms containing more than one electron (even 
for the simplest ones), the Schrodinger equation can not 
be solved directly, neither analytically nor numerically. 
Therefore, the systematics of the spectra of multi elec- 
tron systems should be based on some approximate models. 

A schematic treatment would be suitable^ in which the 
concept of the individual state of an electron in an 
atom is retained, and the state of an atom as a whole is 
determined by the aggregate of the states of the electrons^ 
taking into account their interactions. To describe elec- 
tron states in an atom one proceeds from the assumption 
that each electron moves in a centrally symmetric field 
created by the nucleus and all the other electrons. This 

4 

approximation is called the central field app3X)ximation, 
For the systematization of the spectrum, there is no need 
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to specify this field in a concrete form, A whole series 
of results can be obtained on the basis of general theory 
of motion of a particle in centrally symmetric field, A 
more detailed examination requites a treatment of the 
non-central part of the electrostatic interaction and also 
of the magnetic interaction, particularly the spin orbit 
interaction. In the theory of atomic spectra, these 
interactions are usually treated as small perturbations 
to the centrally symmetric field. The free-ion Hamil- 
tonian may be rewritten in the following form ; 


N 


H = S [- 


i=l 


2m 


vl + U(r^) ] + [ S 

i < j 


N 

- S 


Ze 


N 

- U(r.) ] + S ^(r.) ( L . 's.) 


i=l ^i 


i=l 


^CF ^Coul ^SO 


(3.4) 


where 


Hi 

Coul 


= [ 


e^/r, 


i < 1 


ij 


N 

S ZeVr. j -U(rj_) 
i=l 


(3,5) 


The Schrodinger equation for the central field Hamiltonian, 

'CF ^ ^CP’^CP (3,6) 

can be separated into individual electron coordinates by 
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choosing a solution such that 




CP 



(3.7) 


and 


N 

1=1 


(3.8) 


Each electron in the central field v/ill satisfy the 
equation : 


2 

["is = E(a'^) f (a"^) (3.9) 

where a^ represents a set of quantum numbers (nJjmM). 

This equation differs from the equation of hydrogen 
atom only in that the central potential U(r) appears here 
instead of the Coulomb potential - Ze /r. We can therefore 
use the results from the theory of hydrogen atom. The 
angular momentum is conserved during motion in a centrally 
symmetric field, therefore, each stationary state can be 
characterized by the assignment of quantum number and 
its Z component m. In a manner analogous to the theory 
of hydrogen atom, the wavefunction' ^(a^) for stationary 
states can be x\rritten as 

,^(r, S,f) = r~^R(r) ,§ ) (3.10) 

where ^ spherical harmonics defined by 



0 


i ) 


, . ^m r (21 + 1) (i - m)f i 


E^(Cos 0 )x e^"'* 




(3.11) 
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and 


P^(X) 


(1 - X^) 

""at 


2 m/2 


,1-Hn o 
^ -(X^« l)i 


dX- 


l-HTl 


(3,12) 


The radial part of the wavefunction R(r) satisfies the 
equation 

(r ||) . R + f E - U(r)] R = 0 (3,13) 

r^ dr r^ i€ 

Determination of the function R(r) requires an exact !know~ 
ledge of U(r), usually this information is not available 
and one resorts to some sort of selfconsistent field 
calculations. For the interpretation of the spectra of 
tri valent rare earths, the radial quantities are generally 
treated as adjustable parameters to fit the experimental 
data. The parameterization procedure is particularly 
helpful for the consideration of configuration interac- 
tions as we shall see later. 

The spin of the electron is taken into account k>y 
taking the product of (j> with a or 0 states, corresponding 
to the two possible orientations of the spin. Thus 

J(nlmii) = ± ^ (3.14) 

where ^ is spin coordinate operator. Properly antisyinme- 
trized wave functions of a system consisting of N-noninter- 
acting electrons can be expressed as a slater determinant 



74 



Solutions of equation (3,6) give rise to a series of energy 
levels called configurations. Each configuration is charac- 
terized by the quantiam numbers (n^ 1) for all the electrons 
under consideration. Since the I4w lying configurations 
are quite far apart, one can do the perturbation calcula- 
tions for the and in single configuration using 

the above mentioned determinantal product states as the 
basis states. It can be shown that the closed shells shift 

the configuration as a whole but do not affect the relative 

4 

separation of the level in the conf iqiration , Thus for an 
isolated configuration one needs to consider the electrons 
in unfilled shells only. This procedure will be suitable 
only for most elementary configurations. Calculations 
tend to be more cumbersome for configurations involving 
f electrons. The corrplexity of the situation can be 
illustrated by the fact that 4f^ configuration is 
14 ! /(14-N)5 Ni fold degenerate. Thus even for simplest 
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f configuration^ one is required to solve the 91x91 
secular determinant consisting of the matrix elements of 
^Coul ^£0 among 91 degenerate basis functions. This 
will be a very tedious task. The calculations tend be 
even more complicated as N increases. Moreover, this 
procedure does not provide any insight into the structure 
of a configuration. In the forthcoming sections we will 
discuss the techniques which will simplify these 
calculations, 

2,2 Classification of' States 

As a rule, several identical terms arise from r 
like multi-electron configurations. Additional quantum 
numbers are then required for unambiguous identification 
of the 1 LS> states in such configurations, 

5 6 

Racah proposed a group theoretical approach^' for 
the classification of the states of f^ configuration. 
According to Racah the stdtes can be classified by their 
properties under certain groups of transformation. The 
irreducible representations of these groups can then be 
used to label the basis states. For the complete speci- 
fication of these states four transformation groups required 
are . 

^7 ' * *^2 * ^3 

R3 C. ^2 R^ 


v/here 
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The operators of the group consists of all tensor 
operators where 0 < k < 6 and cornmute v/ith spin There- 
fore all the states of the configuration with given SM 

s 

form the bases for the representations of the group U^, The 

(21+1) integers [,v^ ?^21+l] are required 

for the specification of the irreducible representations of 
the group ^21-i-i* Since the representation does not depend 
upon Mg , the labelling of states by integers ' ^2 ' 

^2 ^21+J equivalent to the specification of 

total spin S. Similarly the irreducible representation 
of classifies the states according to the total orbital 
angular momentiam L. Labelling of states by quantum numbers 
L and S is preferred over these groups as they have more 
direct physical meaning. The irreducible .representations 
of Rrj and are used for coirplete specification of the 
states^ though these do not have any direct physical mean- 
ing. The irreducible representation of Ry are characterized 
by a set of three integers W [w^ , a ^3] and those of 
by a set of two integers U (u^ , u^) such that 

2 ^ ^ ^^2 ^ 2 > u ^ _> '^2 

An alternative scheme for labelling (again due to 
Racab) is through the concept of the seniority number. 
According to this approach all identical terms S, L of the 
configuration 1^^ divide into two classes. The states SLJJ^. 
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belonging to terms of the first category can be obtained 

from the states of the same type in the configuration 

2 

1 by the addition of two electrons, forming the closed 
2 

pair 1 ; L=0, S=o, Terms of the second category cannot 
be obtained by these means from definite SL terms of the 

■n O 

configuration 1 and in this sense they appear for the 
first time in the given configuration, 

ri 2 

Some of the SL termi of the configuration 1^“ can 
be obtained in their turn from definite SL terms of the 
configuration 1^ ^ by the addition of closed pair 1^ and 
so on. 

Continuing this reasoning we arrive at the confi- 
guration l’^ in which the term SL is met for the first time 
in the sense that it cannot be obtained from any definite 

\T mm 2 

term of the configuration 1 by the addition of the pair 

1"^ [ OO] • The assignment of the number v, the so called 

seniority number uniquely determines the whole chain of ■ 

terms generated by the term SL of configuration l"^. The 

classification of the terms through seniority number v is 

equivalent to labelling by the irreducible representations 

2 3 

of Rry. Terms of the configurations f and f classified 
in this manner are listed in Table III-l and III-2 
respectively. 
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table III-l 
2 

Terms of f Configuration 


S. No. 

Wi ^ W2 / 

U1.U2 

Seniority 
Quantum 
Number v . 

L 

Neil son and 
Koster Nota- 
tion (2S+1)L 

1 

(110) 

(11) 

2 

P 

3P 

2 

(110) 

do) 

2 

P 

3F 

3 

(110) 

(11) 

2 

H 

3H 

4 

(000) 

(00) 

0 

S 

IS 

5 

(200) 

(20) 

2 

D 

ID 

6 

(200) 

(20) 

2 

G 

IG 

7 

(200) 

(20) 

2 

I ' 

11 
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TABLE III-2 

3 

Terms of f Cpnfiquratl o n 


. No, 

w-.wj.wa 


Seniority 

Quantum 

Number 

V 

L 

Neilson and 
Koster' s 
Notation 
(2S-i-l)L 

1 

(111) 

(00) 

3 

s 

4S 

2 

(111) 

(10) 

3 

p 

4P 

3 

(111) 

(20) 

3 

D 

4D 

4 

(111) 

(20) 

3 

G 

4G 

5 

(111) 

(20) 

3 

I 

41 

6 

(100) 

(10) 

1 

P 

2P1 

7 

(210) 

(11) 

3 

P 

2P 

8 

(210) 

(11) 

3 

H 

2 HI 

9 

(210) 

(20) 

3 

D 

2D1 

10 

(210) 

(2 0) 

3 

G 

2G1 

11 

(210) 

(20) 

3 

I 

21 

12 

(210) 

(21) 

3 

D 

2D2 

13 

(210) 

(21) 

3 

P 

2P2 

14 

(210) 

(21) 

3 

G 

2G2 

15 

(210) 

(21) 

3 

H 

2H2 

16 

(210) 

(21) 

3 

K 

2K 

17 

(210) 

(21) 

3 

L 

2L 
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2.3 Choice of Basis States 

Corrections to the zeroth order eigenvalues require 
the calculation of matrix elements of perturbation Hamil- 
tonian, These matrix elem.ents can be calculated by defin- 
ing a complete set of basis states in a xvell defined 
coupling scherae. The chosen coupling scheme should be 
close to the physical coupling. The choice between diffe- 
rent coupling schemes (LS or jj) is influenced by the fact 
that which interaction (electrostatic interaction or spin- 
orbit interaction) has a decisive value. In the case of 
rare. ea.rth ions, the relative strengths of these interac- 
tions lead to a coupling v/hich is intermediate between the 
LS and jj coupling schemes. However, matrix elements can 
still be calculated in some known coupling scheme and then 
a transformation can be made to the actual physical coupling. 
In order to perform the energy calculations in the inter- 
mediate coupling scheme, it is necessary to solve the 
secular equation composed of the matrix elements of the 
perturbation "'^conl’^’^^so* choose the central field 

wavef\.inctions as the zeroth approximation functions 

or any independe.nt linear combination of these functions, 

A judiciously chosen set of basis states can simplify the 
calculations a great deal. In particular, one can proceed 

from the functions SL JJ * case the matrix of the 

2 

electrostatic interaction H^^^^ is diagonal with respect to 
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SLJJ^ , which STobstantially sinplifies the calculations. 
Since the matrix of is also diagonal with respect to 
rjf (but not v/ith respect to SL) , the secular equation 
corresponding- to the specific values of JJ^ has the form 


< S ^ JJ I H' . +-H ' 1 JJ > — 

11 z Coul so 11 z 




<S L.JJ IH; IS,L,JJ> ; <S.L.JJ I Hi ,+H' I S.L. JJ > -£ 
2 2 z SO 1 1 2 ' 2 2 2 Coul so 2 2 z 



.. (3.16) 


The roots of this equation 


1 ' "2 


-3 


. . . are the required 


corrections to the energy. Having solved the secular equa- 


tion, it is possible to find the eigenfunction '£ 


JJ 


also , 


It should be noted here that the states ISLJJ > are 

2 

of composite nature where as the interactions ^so 

are functions of coordinates of individual electrons and 
cannot be ejqprassed as function of SL,J and J . This would 
create extra complications by requiring the actual calcula- 
tions of matrix elements to be carried out in determinantal 

product states. In order to avoid these complications, 

7 

Racah developed the tensor operator techniques where one 
can directly calculate the matrix elements in the composite 
states I SL JJ > by suitably transforming the Hamiltonian, 
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Group theoretical classification uniquely specifies 
the states without having to calculate the particular linear 
combination of the determin.antal states but does not extend 
any help in calculating the matrix elements, Racah intro- 
duced the concept of fractional parentage to sort out this 
problem. The solution of the problem lies in assigning the 
initial term, usually spoken of as assignment of origin or 
parentage of the term, to the state (I'^Vsb) of a group 
of equivalent electrons. 

The state <lVsLl of a group 1^ of equivalent elec- 
trons can be expanded a.s a linear combination of the func- 
tions i 1^~^ [f S L ] , 1> corresponding to the different 
initial term S L of the configuration 1 . Here, however, 

it is necessary to take into account the fact that among 
the states ll”^ [f S l] 1,SL> obtained by the general rule 
of addition of angi-ilar momenta there will be some which are 
forbidden by the Pauli exclusion principle. Any well defined 
linear combination of functions ll iT S l] 1, SL> 


1 r rSL > = 




f s hi fsiy 


(3.17) 


y- s L 


y S L 


.11 comply with Pauli principle. The coefficients 


are called the fractional parentage coefficients and are 
denoted by means of [r S l] 1, SL 1 l'Vsi> following 
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Racah. General method for the calculation of these coeffi 
cients has been developed by Racah, 'These coefficients 
have been tabulated by Neilson and Ko'-ter^ for all equi- 
valent electron configurations. 


2*5 Tensor Operators and Matrix Elements 


In calculating the matrix elements of various 
operators it is advisable to classify these operators 
according to their behaviour on rotation of the system 
of coordinates. Prom this point of view the usual defini- 
tion of tensor in the Cartisean system of coordinates is 
unsuitable for the reason that from the components of a 
tensor of rank k = 2 a nxamber of linear combinations can 
be formed which behave differently on rotation of the 
coordinate system. The need naturally arises for a defi- 
nition of a tensor for which all its components and any 
linear combination of these components are transformed 
in the same way on rotation of coordinate system. This . 
condition is satisfied by the (2k+l) spherical harmonics 

Y, ; q = k, k-1, k. We shall therefore/ define 

xq 

a tensor of rank k as a set of (2k+l) quantities which 
transform as spherical harmonics on rotation of coor- 

dinate system. The tensors defined in this way are called 
spherical tensors or irreducible tensors. In accordance/ 
with this definition the irreducible tensor T^, of rank k 
is a set of (2k+l) operators * q = k, k-1 -k 
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obeying the same commutation relations with the angular 

momentum of the system J as Y, , These commutation 
7 

relations have the form 

[(J^ ± iJy), = /TFf qHk“r^“TT)' (3.18) 

and 

[ (3.19) 

Matrix elements of T^'' in the JM representation are given 
by the Wigner-Eckart theorem 

<rjMlT^^^ ir'j‘M'> = (-1)'^'’^ <rjiiT^^^ll 7*j'>x 

mi 

.. (3.20) 

The factor < TJl 1 t^ i I T‘j‘ > not dependent on MM‘ and g^ 
are called the reduced matrix elements. Another type of 

(k) 

tensor operator X '■ which will be required for the calcu- 
lation of matrix elements of perturbation Harailtonian is 

(k ) 

the tensor product of tv/o irreducible tensor operators T 1 
and The tensor product of two tensor operators 

and is defined as below : 

t 

X^^^^ = S -^k,k.a>M krt„kq> (3.21) 

q X 12 12 

where < I k^k^kq> are C.G, coefficients, and is 
represented as 

xU^^2^J (3,22) 

- q 


/ J k J' 
f-M q M* 
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With the aid of eqn, (3,2i)one can construct (2k^+l)^’ if 

.'b. ^2 ( 21 ^ 2 + 1 ) if k 2 > , of operators ^ 

If k^ = k 2 = k then among the possible values of K there 
is K = o« Thus from tv7o tensoirs of the sains rank one can 
construct a scalar 

X ]° = 2 <kk2^ -W 1 kkoo> ^-v 

0 q 

r-i \ ^ V V- v 

one can put this scalar in a more convenient form 

(^k yk) ^ 2 (-1)^ (3.24) 

Expression (3,24) is called the scalar product of the two 

tensor operators. Tv/o exartples of such operators are 

and H' (both are scalars i.e. k = v= o). A t'';pical 
so “ 

matrix element for the scalar product of tensor operators 
is given by 


1 2 z , 1 2 z 

6(J,J'). , J') X (-l)'"l+^2+'^ 


; J* J' J7 3, 

X i ^ S < - Jy 1 1 T'^ii r" 

L ^2 

X < y"J 2 1 lU^l ir‘J‘ > (3.25) 

where the quantum numbers and J 2 refer to operators 
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(Ik) (]c) 

T and U respectively and J to the ccnposite system, 

» \j * tT cr ' 

The quantity ) 1 2 i is called the VJinger's 6-j synibols, 

J. k ( 

Both 3— j and 6~j symbols have been tabulated by Rotenberg , 
In x^rhat follows nox%’ xve v/ill outline the evaluation of matrix 
elements of various interactions, 

2,6 Matrix Elements of the Electrostatic Interaction 


The tensor operator for this interaction can be 

obtained by transforming the ejqiression for the energy of 

the interaction e /^j^j such a way as to separate the 

radial and angular variables. We shall use the fact that 

1/r. . can be expanded in a series of Legendre polynomials 
^ r^ ■ ' 

(rj + - 2r^r^. CosQ ^ = E ~ p^(Coso) ) (3.26) 

k=0 


Here the smaller and greater of the magnitudes of the 
vector r^ and r^ are denoted by r^ and r> ; and w is the 
angle between the vectors r^ and r^ i.e, between the direc- 
tions and ©j By using the theorem for the addi- 

tion of spherical functions, P^(Cosco ) can be expressed in 
terms of spherical harmonics Y^^i.( , 0^) and Y^q( ©j * 0 j) 

Thus 


e^/r. . 
ij 


4 


k 


k=0 (2k+l) q 


(3,27) 


2 2 


k 

r<- 




4 r- ' 


cf>) 


(3.28) 



87 


where 



(3.29) 


Thus the rnatx'ix elements for e.s. interaction in iUWSL> 
basis can be calculated by using expression (3,25) for the 
scalar product of two tensor operators. Each matrix elonent 
can be expressed as a linear combination of Slater integrals 


E = <(nf)'''^ UWSL 1 H^I (nf)^'^ U'W'S'L‘> 

= S f, <(nf)^ WiSL, (nf)^^ U‘W'S'L*> x P^(nf, nf) 

k ^ 

= S f, <(nf)^^ UWSL, (nf)^^ U’W'S'L’> x P^(nf, nf) 

k ^ 

.. (3.30) 


For a two electron 


(k) 


P^ D, 
k k 


= e 


configuration 



^nf ^ 


dr^dr^ 


(3.31) 


and 

f = fV^v = < f^SL I 1 f^S'L‘> 

= 6 (S,S' )6 (L/L') (-1)^ is 3 lI 3>] 

.. (3,32) 

(k) 

where the typical reduced matrix element < 1 He id 1*> 
is expressed as 

, /l k l'\ 

< 1 i I n 1‘ > = i-l)^ ^ :21+1) (21‘+T) I I (3.33) 

\0 0 0 J 

Making use of the properties of 3-j symbols, this matrix 
element will be nonzero only if the triangular condition 
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is fulfilled and 


(k -i- 1 + 1* ) = 2g (3.34) 

where g: is an integer. Prom these considerations only 
nonzero terras an the ejcpansion (3.30) are v/ith k even 
and k < 6, Numerical quantities are listed in 
Table 1 and 2 of reference (10), 'The operator 


f" ly, iC ) V j 

L , Cj j is invariant under the operation of 

does not have the transformation properties of the groups 

and G^, Thereby it makes the task of calculating its 

N 

matrix elements in the states If IT/7SL> i for systems 
having more than two f electrons, more difficult. However, 
a linear combination can be found which will satisfy these 
requirements. A matrix element for such a system may then 
be expressed in terms of the new operators 


,(k)- 


Xii 


S e,E 

k=0 


(3.35) 


Radial parts 3 can be eom-ressed as the linear combina- 
tions of 




E 


E 


E 


E' 


0 


? - lOF 

0 2 


33?^ - 286Fg) 


= ( 7 OP 2 -f- 231F^ + 2002Pg)/9 

= (Pg “ 3P^ -f- 7Fg)/9 
= (SP^ t 6F^ - 9lPg)/3 


(3-36) 
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While the angular parts e^'s in terms of f^'s have the 
follov/ing relations 

= Nd-J-l) 

e^ = 9f°/7 + £^42 + /II + £^462 

ej = 143 £2/42 - 130fV77 + 25£V462 (3.37) 

63 = 11£V42 + 4fV77 - 7fV462 

11 

Neilson and Koster have tabulated, these angular parts 
N 

for all the £ configurations. 


2,7 vSpin-orbit Interaction 


The spin-orbit interaction operator H' ’^^which is 
already in tensorial form mixes the states of same JJ 
but differing y SL quantum numbers, A typical matrix 
element of this operator in the If^TSL bases 

has the form : 


<f^'^ysLJj 1H*1 f^ r*s'L’j*J' > 
3 z 


" 6(J^ .j;) 

1/2 

(_1)S ‘+L-:-J ^ [ 1(1+1) (21+1) ] / < f^y SL I IV" 1 If^r ’S'L*.> 


X 


,'-S S' 1 ] 
i L'LL jj 


(3.38) 


where 




nf 


-hf ) dr 


(3.39) 
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and = ( ^?/ 2 rn 2 c 2 ) i ,dU(rX ( 3 . 40 ) 

r dr ^ m vj 

and 

< f^^mSL i 1V'‘ 1 ! A>U«S'L‘ > = 3K( [ S,S‘,L,L'] 

X («1) 1/2+1 ^ S<1' { > < f Ciw > 

(' SI S' ) _ /■ L 1 L ' 1 

X j _ '( X { » (3.41) 

Cl/2 S l/2j (1 L 1 j 

where <^'{n> are coefficients of fractional parentage. 
Matrix elements for for all f^'^ configurations are 

given in ref. (8). The triangular conditions of 6-j 
symbols give the following selection rules for the spin- 
orbit interaction 


AS = 0, + 1 
A L = 0, i 1 


(3.42) 


2.8 Configuration Interactions 

Perturbation calculations of combined electrostatic 
and spin-orbit interactions performed in the single confi- 
guration approximation for the energy levels of a particular 
configuration lead to large deviations (of the order of 
several hundred wave nrmbers) from the experimentally 
inferred energy levels, even though the radial integrals 
are treated as adjustable parameters. 

The deficiencies of single configuration approxima- 
tion can be overcome by including the effects of interacting 
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configurations. Configuration interaction plays a very 

important role in the electronic properties of rare earths^ 

which sometimes has profound effect on their hyperfine— 

12 . 

structure j intensity and their behaviour in the crystal 
13 - 

fields. If one has to include all the configuration 

interactions^ the size of energy/ matrices 'will increase 

1 4 - 

to unmanageable extent. So the approach for the consi- 
deration of these interactions would be to keep the size 
of the matrices fixed and add to it the perturbation of 

neighbouring configurations. Rajank and Wybourne treated 



this problem for 1 type configuration using second order 
perturbation theory, 

N 

The following configurations can interact with 1 
type configuration ; 

(1) l^“^l'' ^ and 1^"^1'1" 

(2) 1*^^' 1^^"^^ and T_n41''+1 ^N4-2 

(3) 

(4) 


(5) 1.41‘+1 pi+l 

First three of these interact through core excitation. 

These interactions do not affect the structure of the 
configuration and hence may be excluded. Effect of the 
remaining two interactions may be accounted by adding 
to each of the electrostatic interaction matrix elements (3,35) 
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the quantity 

IGi irv X IGl lV> 

^ ^ — 1 . — (3.43) 

St 

where the state belongs to the interacting configura- 

N 

tion separated from 1 configuration by energy gap , 
Rajanak and. Wybourne expressed this terra in the form 

21 N 

Ci'i ) = r. P^< f^ ^ , IS (3.44) 

k=0 i> j 

k * 

where U s are the normalized unit tensor operators and 

V 

P includes the radial parts of the matrix elements and 
the excitation energies. For even k the matrix-elements 
resemble the electrostatic interaction and hence this part 

is automatically included by the adjustable parameters 

"k" 

F ^s. For odd k the contribution of the interacting confi- 
gurations is : 

5(f , [a(a+i) + ^ G{G^} + r G(R^)] (3.45) 

where G{G^) and G(R^) are. the eigenvalues of Casimir' s 

operator^ for the groups G^ and R^ respectively. Angular 

parts of the e.xpression (3.45) resembles those of the 

15 t 

following expression for orbit-orbit interaction 
but the radial parts of these two expressions have the 
opposite sign. 
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< f^T SLJ I 1 t's'L* J‘ > = - 6 ( T , T ») 6 (J,J‘) 

X 6(S,S*) 6(L,L') X [c£L(L+1) + (:>gIg^) + T G(R^)+Na) 

(3.46) 

where 

a= -2 (M°-5 mVi 21) ; /3r= 32 (M^-35 mVi21) 

y = -40M^ ; and w= 8(3M*^ + + SmVh) 


_x 


and M" 


ot 

4“ 


/■ / 
r . > r j 




r . 

J 


x+3 


dr. 


dr. 


(3.47) 


1 ^ 

is a radial integral defined by Marvin, Hence in the 

parameterization of the effects of configuration interac™ 

tion due to two electron excitations, the effects of the 

orbit ~orbit interaction will be accommodated in the derived 

17 

parameters, Wybourne has generalised the configuration 
interaction to higher order of perturbation which includes 
more number of parameters. Such effects were not included 
here as relatively small number of levels is available for 
the optimization of the parameters. 


3, CRYSTAh-flELD IlfTERACTION 

VJhsn a free ion is embedded in the crystal, its 
spherical symmetry is destroyed and each level which is 
(2J+1) fold degenerate will split due to the electric 
field of crystalline environment possessing a well defined 
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syirirnetiry* The degree to which the degeneracy is removed 
depends upon the point symmetry at the ion site. According 
to Kramer’s theorem .the degeneracy can be completely 
lifted by crystal field of low enough symmetry in case of 
even electron system but for the odd electron sy^stem two 
fold degeneracy persists which can not be removed without 
the application of magnetic interaction, 

Hamiltonian for an ion in the crystal field can be 
expressed as 


H 



+ H' 
cry 


( 3 . 48 ) 


where is free ion Hamiltonian and H‘ ^ represents the 

interaction of free ion with its environment. As we have 

already pointed out that raEe earth ions interact weakly 

with their environment, H' ^ can be treated as small per- 

cry 

turbation to the free ion Hamiltonian. Since the free ion 
possess the spherical S'ymmetry, it would be advantageous 
to expand the crystal field in terms of the spherical 
tensor operators. Thus 


H’ 

cry 


E 

k,q,i 




( 3 . 49 ) 


where the summation runs over all the electrons of the ion. 
Quantities the set of expansion coefficients and 

will be treated as the adjustable parameters. For H^_ 
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to be a Hermitian operator 

bJJ = * (3.50) 

The first term in the expansion with k = q = 0, is sphe- 
rically symmetric. In the first approximation, it would 
shift the configuration as a whole and may be neglected 
as far as the crystal field splittings of levels are 
concerned. 

N 

For f electrons only nonzero terms in the expan- 
stion (3,49) are with k^ 6 for the reasons similar to 
the one discussed in the case of electrostatic interac- 
tion. Symmetry operation can be expressed by the 
following transformation 



\ 



(3,51) 


Using this transfom'tation and the Cartisian representation 
of the spherical harnonics, it can be shov/n readily that 
the relevant terms in the expansion (3,49) are 


H'_ (S.) 
cry 4 


i-j L ■ 4 

* k=:4 , 6 


[B(k) ^^(k) ^^(k) ) )] 


» • « '• 


( 3 . 52 ) 
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We have neglected here the odd terms as their matrix 
elements among states with the same parity (i^e* states 
arising from the same configuration) X'^rill be zero* From 
the properties of spherical harmonics, operators ) 

are real. Thereby their coefficients V7ill also be 

(]<) (Icl 

real. On the other hand, operators (C^ - C \^ ) are 

imaginary* To make to be Hemitian "i" has been 

fk) 

introduced explicitly so that ‘ are real. 

(h) 

Quantities '' have been calculated in the past 

19-22 

using point charge model and other methods e.g, 

LCAO-MO for some host materials with little success, 

Newman and coworkers have evaluated *s for LaCl^ 

and Garnets taking into account the overlap, covalency 

and exchange effects. Their results for B^ with k = 4 

and 6 are in good agreement with the enpirical results. 

Due to lack of such calculations for other hosts, it is 

customary to treat them as adjustable parameters. In 

Jc 

this treatment one needs the starting values of B^ 
which can be obtained from the point charge model. In 

this model, the B^ 's can be expressed as 

■ si 

(3.53) 

WilBIT© A^. XXIT'BdUCibBl ■tBUSOX'. COIX^OnBUtS ox til0 

01 ,', 

static crystal field calculated from the point charge 
lattice sums and are ion independent, host dependent. 



ion dependent and host ind^endent quantities 
ejcpressed as 
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<r’^> 


HP <1- °k)/" 


(3.54) 


where < r are Hartreefock expectation values given 
by Freeman and Watson^ and are the linear screening 
factors^, T is a scaling factor introduced to account 
for. the inadequacy of Hartreefock wavefunctions and 
the expansion of free ion wavefunctions when the ion 
is embeded in the crystal. Values of P, for all 

lanthanides are listed in Table II of reference (25) , 

k 

If the parameters are knov/n for some lanthanide ion 

k 

in a given’ host, the host dependent part A can be 

tL 

determined using the values of Pj, for this ion. Thus 

ki 

one can obtain the starting values of B for any other 

Si 


lanthanide ion in this host using the values of A 


q 


and P 


k' 


3,1 Choice of Basis States 

Since H* „ does not commute with J and J , its 
ciry z 

effect is to mix states with different J and J , As 

a result, J and J cease to be good quantxxm numbers, 

z 

However, one can find linear combinations of 1 f^JJ > 
states which will transform according to the irredu- 
cible representations of the point grorp under consi- 
deration, These irreducible representations can then 
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be used for labelling these basis states 1 f J r.> 

z X 

where is the irreducible representation. Table III, 3 
gives the character table and bases functions for the 
group S^, For the case of half integral J values (odd 
electron systems e.g. Nd^"*”) one needs to work with double 
groups of S^, Multiplication table for is given in 
Table III, 4. Table III, 5 describes the correlation 
among the irreducible representations of full rotation 
group and those of 'S^' group (for Pr^"^) and* double 
group s^'Cfor Nd^^) , From the comptability tables we 
see that and are degenerate for the integral J 
values and for half integral J values, 

( Pg) are degenerate representations. For the crystal 
field calculations one needs to choose only one out of 
these degenerate representations. Thus, for Pr^"*" ion 
we will use only pg and for Nd we will choose Pg 
and /y . 

In order to construct the linear combinations 

of J having proper transformation properties, conc^t 

2 

27 

of projection operator is used. Projection operator 
Pt^^^ defined for any grorp G when operates on a set of 

functions ^ JJ > selects those functions which transform 

12 , 

according to the kth row of the ith irreducible repre- 
sentation of group 'G. For the group and configura- 

tion of parity p 
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TABLE III-3 


Character Table and Basis Function for 


^ 4 , 

■T? 

JZj 

E 

^4 


c 

^2 

^2 

^4 

S4 

Time 

Inv. 

Bases 

# 

' 1 

1 

1 

1 

1 

1 

1 

•1 

1 

a 

S 

2 

f'a 

1 

1 

-1 

-1 

1 

1 

-1 

•• X 

a 

z or xy 

f 3 

1 

1 

i 

i 

-1 

-1 

-i 

-i 

b 

“(S + iS ) 

or i (x - iy) 


1 

1 


-i 

-1 

-1 

i 

i 

b 

(S^ - iSy) or 

-i(x + iy) 


r? 

• 5 

1 

-1 

Vc 

oa 

- caj; i 

-i 

3 

-CO 

a) 

b 

^;(l/2 , 1/2) 

.U- 

Q 

1 

-1 

3 

-us 

J -i 

i 

CJ 

3 

-CO 

b 

^Kl/2, - 1/2) 

<7 

1 

-1 

~<ja 

CO i 

-i 

3 

CO 

- to 

b 

a5(3/2, - 3/2) 

8 

1 

-1 

3 

. 3 . 

~(0 -1 

i 

-to 

Co3 

b 

(p(3/2, 3/2) 


a or b in this coliran indicates whetlier or not f (R) = I ’(R)* 
for the corresponding representation. 


•«r CO = exp( 7T" i/4) 
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TABLE III-4 


Multiplication Table for 


^2 i 3 1 4 ^5 *6 (7 ^8 


I 2 

Pi 


'3 


4 


3 


li 


^5 
I 7 


r-f 

•'8 


fe 


n 

> 3 


1 6 


^8 


^7 






4 

d 

(1 




fs 

4 

4 

1 5 

4 

Is 

/I 

n 


r 

n 


II 


a 


a 


11 


fi 
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TABLE III-5 


Full Rotation Group Compatability Table for S 


Dq 

, 

‘ 1 






( P 3 

f-' 

■ 4 

,) 

D*'" 

2 

1 ^ -1- : 

^ , 2 ' 

( /" 

3 l4> 

Do 

: 

2^2 + 2 ( 1 

3 U-^ 

D'I- 

3 

^ 2 r-'j 


2 {r 3 + Ip 

Dr 

b 

3 ' 

■3. i 2 . 

1 9 

'r ^ . 2 


3 ( / 3 + / 4 ) 

.f 

^6 

3 / 

' 1 



3( ( 3 H- l\) 

■^ 1/2 

r + 

! 7 + 

n 

■■ 8 



°3/2 

) P -1- 

' b 

'6 + ' 

““V* 

7 

+-. Ps 

■°5/2 

2 f\ 

+ 2 / g 


f- -i- I ' 

'7 '8 

°7/2 

2 f 5 

+ 2 1 g 


2 l\ + 2 i 'g 

^9/2 

’ 5 

- 2 '■’6 


3 /; + 3 

°ll /2 

3 1 

- 1 - 3 ? ^ 

+ 

^ • 7 ^ i 8 

°l3/2 

4 

Pe 

-1“ 

3 i '7 + 3 pg 

°15/2 

4 f 

+ « r's 


4 j ''7 + 4 1 'g 

Di7/2 


+ 4 Pg 

+ 

5 r 7 + 5 r Q 


+ or - sign indicates even or odd parity relevant to a parti- 
cular configuration (e. g, 4f — even parity and 4f odd parity) 
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I J j^> = Ij j^> 6(J^ , M(i,k) + nO(p) 1 2nm ) 

...(3.55) 

where for p : odd (4f^ configuration) 

0=1 and for p : even (4f^ configuration) 

* L.(3.56) 

ni = 0, +1, ±2, +3 


i 


For , n = 2 


k = 1 for all irreducible representations 


of 


/j.(iA) =0/2 for i = 1,2 
= t for i = 3/4 
= i for i = 5/6 
= ± 3/2 for i = 7/8 


f (3.57) 


Table III-6 and III-7 lists >the basis functions for 
the irreducible representations of group 'S^.' and 
'double grov:^ ^4** 


3.2 Matrix Elaaents of H' 


ry 


A typical matrix element of the operator is 


given by 


<f^rsLJJ IH' 1 f^ r's'L'J'J'> 

2 cry 2 

= E < f^ rSLJJ 1 f^ r'S'L'J'J' > 

V rr ^ 2 q 2 

■ (3,58) 

< f i 1 I f > X 6(S,S' ) 


X 
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( k) 

where are the unit tensor operators and are defined 

as below 


U 


(k) 


N 

S 

1=1 


u 


(k) 


(3.59) 


It is through eqn. (3,59) that the siimmation over f 
electrons in eg. (3,58) is taken care of. Using egns, 
(3,20) and (3,25) we canwrite 

< f r SLJJ ! f^ r's'L'J'J' > 


J-J 

= (- 1 ) ^ 


X 


X 


\ 

J* k 
IL' L S 


J k ■ J' 


-J' q J J 

Z 2 , ’■ 


X (-1) 


S h-Xj * J ^k 


X < f^ rSL IIU^^^I f^ r«S'L’> 


< • • (3,60) 


( k) 

Reduced matrix elements for U are listed by Neil son 

8 (k) 

and Koster . In eqn, (3,60) the axial term will 

split levels differing in and Ug'^^ terms will mix the 

states for which J -J' = q. Due to this mixing J and J 

Z Z 2 

will cease to be good quantum numbers. Though, the odd 
terms in crystal field potential do not contribute to 
the energies still they play a very inportant role by 
mixing the configurations of opposite parity. Iber^y 
it allows tlie electric dipole transitions. 


Diagonal! zation of the crystal field energy matri- 
ces give the energy eigenvalues and crystal field eigen- 
vectors, The above procedure is general enough to be 
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TABLE III-6 


Basis Functi on for S. Irreducible 

“9'* 

Representation : 4f^ Configuration 


J 

1 



2 

3 


No. of 
Stark 
CoirpO“ 
nents 

J 

z 

A 


B 

J • ■ 

3 

c 

0 

0 

1 





1 

1 

0 

1 



1 

1 

2 

2 

0 

1 

J- 

12 

2 

1 

1 

4 

3 

0 

1 

+2 

2 

I /-3 

2 

5 

4 

0/±4 

3 

±2 

2 

I /-3 

2 

7 

5 

o,i:4 

3 

12 

2 

, 1/“3,5 

3 

8 

6 

0/ ±4 

3 

+2,1-6 

4 

l/-3,5 

3 

10 
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TABLE II 1-7 

Basis Functions for Irreducible 

3 ^ 

Representation ; 4f Configuration 


No* of 


J 

6 


7 


Stark 

Conpo- 

•■nents 

J 

a 

‘"a 


B 

1/2 


0 

1/2 

1 

1 

3/2 

3/2 

1 

1/2 

1 

2 

5/2 

3/2, -5/2, 

2 

1/2 

1 

3 

7/2 

3/2, -5/2 

2 

1/2, -7/2 

2 

4 

9/2 

3/2, -5/2 

2 

1/2, -7/2, 9/2 

3 

5 

11/2 

3/2, -5/2, 11/2 

3 

1/2, -7/2, 9/2 

3 

6 

lJ/2 

3/2, -5/2, 11/2, -13/2 

4 

1/2, -7/2, 9/2 

3 

7 

15/2 

3/2, -5/2, 11/2, -13/2 

4 

1/2, -7/2, 9/2, -15/2 

4 

8 

17/2 

3/2, -5/2, 11/2, -13/2 

4 

1/2 , -7/2 , 9/2 , -15/2 , 17/2 

5 

9 
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TABLE III-8 

Electric Dipole Selection Rules for 4f^ 

Configuration In Symmetiry 


P 

‘ P 




n 

!4 


1 

2 


n 


0" 


X (T- 


Tf 


(f 


(T 


X 


^4 


0 


X //■ 


TABLE I I I- 9 


Electric Dipole Selection Rules for 
4f'^ Conficfuration ih'S^ Symmetry 



{"~7 


r. 



■ 5 

'6 

’ 8 

f's 

Cf 

X 


JT' 

f'e 

X 

•CT* 

77' 

cr 

^ 7 

cr 

Tf 

C7~" 

X 

^8 

TT 

<T" 

X 

cr 
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applicable in the approximation of no J-J mixing as 
well as when J-J mixing is included. The details of 
actual calculations and programming of the matrix 
elements are given in Appendix III, 

3*3 Selection Rules for Electric Dipole 
Transitions in Symmetry 

It is evident from the character table for the 
group that the Z- cortponent of the electric dipole 
operator, which is proportional to Z, transforms as 
and -i(x + iy) component as Ihis together with 

the multiplication table for the group gives rise 
to the selection rules for the electric dipole transi- 
tions. 

Table III-8 and III--9 describe these selection 
rules for the configuration 4f ^ (Pr^"'') and 4f^(Nd^’^) 
respectively, 

4. RAMAN SCATTERING 

Light can interact with matter in various ways. 

It can either be absorbed, emitted or scattered. Sca- 
ttering of a photon from atoms or molecules may be 
elastic (Rayleigh scattering) or inelastic. The inten- 
sity of Rayleigb scattered light is piroportional to the 
fourth power of the photon's frequency. Raman scattering. 
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an example of inelastic scattering was first predicted 
theoretically toy Smeckel^^ in 192 3, E:xperimentally it 
was first observed by Sir C.V. Raman^^ in 1928. Inelastic 
collisions' may cause a molecule or atom to undergo a quan- 
tum transition to a higher energy level with the result 
that photon looses energy and is scattered with lower 
energy. If the molecule or atom is already in the 
excited state, interaction v/ith photon may cause it to 
undergo a transition to lower energy as a result the 
photon is scattered with increased frequency. The 
phenomenon in the former case is known as Stokes Raman 
scattering and in the later case as antiStokes Raman 
scattering. In case of Stokes Raman Scattering, a 
photon of f requency^^ = - 5^^ is created, while 

one photon of frequency v is annihilated resulting 
in the excitation of molecule from level g to level x 

where > is frequency corresponding to the energy 

XQ" 

gap between the levels x and g. Similarly, in the 
other process a photon of frequency = ;^ + 2 ^^ 

is created along with the annihilation of a photon 
resulting in the deexcitation of the molecule frcm level 
X to level g. Thus a pattern of shifted frequencies 
(Aw) relative to the primary frequency of the incident 
radiation is observed in the spectrum of scattered 
light. These frequency shifts — called Raman shifts — 
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are equivalent to the energy changes involved in the 
transitions of scattering sairple and are therefore 
characteristic of it. The Stokes lines are more intense 
than their antiStokes counterpart. 

The theoretical treatment of Raman scattering 
considers the perturbation of the scattering molecule 
by the electric field of the incident light. The 
electric dipole mcment matrix element associated with 
the transition between the initial state 1 n > and final 
state 1 m> is given by : 

= ; f * P dt (3.61) 

nm m n 

where 1' and 'i' are the time independent wavefunctions 
n m 

of the states, P is the induced dipole moment due to the 
electric vector of the incident radiation and the inte- 
gral is extended over the v^hole range of coordinates. 

The induced dipole moments P is e:xpressed as below 

P = aE (3.6 ) 

where “ is the polarizability, in general a second rank 
tensor, E is the electric field of the incident radiation. 

The matrix element P^m can be written as : 
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nm 


2 < m 1 Pi n > Cos2n v t 

mn 


+ S 
J 


V 

-jsi 


+ V 


^ . 
in 



-y 


< m i P i j><jlPln> 


E_ 

W 


Sin 271 ( V + 


Iv 


V )t 
mn 


S 

j 


_2J_^ 

y .-;-y 
nj 


V . 
im 

•y' '^ r ir 


jm 


x<mlPlj>< jlP!n> 


Sin2Tr 


{V - 


)t 

mn 


... (3.63) 


where E is the incident electromagnetic field and ^ its 

frequency. The quantities < m I P I j > , and so on, are 

the matrix elements of P = e(xi + yj + zk) between the 

various eigen states of the molecule. The v . . v , 

mj mn 

V. the frequencies of transition betv/een the states 
jn 

given by the subscripted letters. It can be seen here 

that P contains frequency components which are the sum 
nm 

and difference of the perturbing and molecular vibrational 
frequencies. The sumnation over j implies that all of 
the possible vibrational, rotational and electronic 
states of the molecule may contribute to P^^, It can 
be seen here that when v , the frequency of the perturb- 
ing field approaches one of the , P^ will become 

very large. 
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The energy radiated per second by a system when 
perturbed by the electromagnetic field, into a Raman tran- 
sition is given by 


64 Tt 

o 2' 

3e 


" • mn' 


4 2 

‘ 1 ^ nm. I 


(3.64) 


The ratio of antiStokes to Stokes intensity for a given 
band is 



3^ 4. 

V 

mn 

0^ - 

V — 




( 3 . 65 ) 


4,1 Vibrational Spectra of Crystals 

The dynamics of a molecule consisting of N atoms 
can be described in terms of 3N degrees of freedom^*^ 

( 3-translational + 3-rotational +(3N - 6) vibrational for 
a nonlinear molecule or 3-translational + 2-rotational + 
(3N - 5) vibrational for a linear molecule. However/ 
when such a molecule is fixed in the lattice its spectra 
differs from that of a free-molecule in two ways. Firstly, 
the selection rules which operate are affected by the 
crystal symmetry as well as by the molecular symmetry. 
Secondly, the mode frequencies are modified. Sometimes 
it is possible to divide the modes into two groups - 
external and internal. Thus the discussion of vibrational 
spectra of crystals should deal with the determination of 
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selection rules for both the internal and external vibra- 
tions as well as v.Tith the criteria to distinguish the 
translational and vibrational modes. 

• 2 Determination of Selection Rules 

The vibrations in solids are governed by the net 

effect of various types of interactions leading to the 

32 

complex force field potential. Hornig has shov/n that 
it can be written as 


V 


n 


+ 

n 


E 

n 


^nk + ^1 


V. 


In 


(3.66) 


n/^k 

where the four terms represent, respectively, the poten- 
tial energies due to internal vibrations, interaction 
between internal vibrations, lattice modes and interaction 
between lattice and internal modes. The tv/o most frequently 
used approaches for determining the selection rules are 
the site group approximation which effectively use* only 


the first term in the expression (3,56) and the factor 
group approximation which takes the first two terms into 
account. 


4-. 3 The Site Group Approximation 

Halford^^, in his theory for site group approxima- 
tion, considers the molecule as moving in a potential 
field whose symmetry is that of the crystal. The crystal 



113 


belongs to one of the 23o space groups. Any group, S, 
of operations of any space group can be decomposed into 
a subgroup T of the translational operations and a sub- 
group U of rotational operations'^ The subgroup U is 
isomorphic with one of the 32 point groups. Since 

S = U X T (3.67) 

Therefore, the subgroup U is a factor group of S, and 
the irreducible representations of U are also irreducible 
representations of S, The symmetry of any point in the 
lattice can be specified in terms of the site grouj> 
which is the subgroup of the space group. The centre of 
mass of the molecule remains invariant under the opera- 
tions of the point group to which the molecule belongs 
and its equilibrium position is .called the site. Having 
determined the site grorp, the irreducible representations 
•of the site group corresponding to those of the molecular 
point group are obtained. Tables for this purpose, 
termed as correlation tables are available. The selec- 
tion rules for the site group are then found by looking 
up the character table of the corresponding point group. 
Though the site group approximation provides adequate 
basis for determining the selection rules associated 
with the internal vibrations in the crystals, it is 
inadequate for the determination of selection rules for 
external vibrations. 
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^ Group Approximat:ion. 

In this approximation, the nimber and activity 
of the vibrations of the complete unit cell is determined, 
a treatment first developed by Bhagavantam and Venkatarayudu^^, 
According to this approximation, a crystal composed of N 
unit cells, each containing n atoms will have 3nN modes 
of motions altogether. However, only those modes, in 
which equivalent atoms are in phase, are active as funda- 
mentals in the infrared or Raman. The remaining modes 
may be seen as combination of very low intensity. This 
way only the modes of motion of one unit cell need to be 
determined. This can be done by considering the factor 
group, which is in this sense, the subgroup U of the 
space group consisting of its rotational operations. 

The factor group is isomorphic with one of the 32 point 
groups and is designated by the Scheonflies space grorp 
symbol without its numerical superscript, ^part from 
the factor group we need to know the symmetry operations 
to which each atom is invariant, that is the site group 
of each atomic position, and also the unit cell content. 

The determination of the selection rules for the vibra- 
tional activity is carreied out exactly the same way as 
for the free molecule, using the character table of the 
point group to which the factor group is isomorphic. 
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The next step in the factor group analysis is the 
classification of the vibrations oa the unit cell into 
various types. Out of the 3n modes associated with a 
unit cell, 3 represent translation of the crystal as a 
whole which are known as acoustic modes and are not infra- 
red or Raman active as fundamentals, but may be observed 
as combinations of low intensity with active fundamentals. 
The remaining (3n-3) modes are divided into external and 
internal modes. The external modes may be translational 
or rotational. For example, consider a crystal made up 
entirely of nonlinear polyatomic molecules with p atcans 
in the molecule and. let the unit cell contain z such 
molecules. Then there "will be 3zp modes, made up of 3 
acoustic, 3z rotational, 3(z-l) translational and 
z(3p-6) internal., 

4,5 Determination of Number of Modes Belonging to 
Each Irreducible Representation 

If a,* is the number of times the j-th irredu- • 

V 

cible representation is contained 'in the reducible 
representation and the character of this j— th irreducible 
representation is X (R) , then 

a. = lA S X^J^R) X(R) (3.68) 

J k 

where h is the order of the group and X(R) is 
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or X\i8l) for determining infrared and Raman activity 
respectively. If aj = 0, vibration of j-th representa- 
tions are inactive, if aj ^ 0, they are active. This 
information can be obtained from the character table 
of the point group. 
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CHAPTER IV 


RESULTS and DISCUSSION 
1. EXL^ ERIMENTAL R ES UL TS 

It has already been pointed out in Chapter II 
that the PbMoO^ and PbWO^ crystals v;ere doped using 
99,999% pure NdpO^ (Koch-light laboratory^ England) and 
99.99% pure Nd^O^ (Apache Chemicals, USA). When sanples 
dop'‘xi v/ith 99.999% pure Kd202 were e5<posed to Ar”*” ion 
laser radiation, no visible fluorescence was observed. 

On the other hand, when samples doped with 99,9% pure 
Nd^O^ were exposed to Ar’’’ ion laser's blue lines (i.e, 
20492, 20986 and 21838 cm~^ etc.) very strong visible 
fluorescence was observed. The observed visible fluo- 
rescence v;as not in agreement with the known energy level 
3 + ^ 

scheme of Nd . Our charge conpensation studies (i.e, 
with varying Na"*" concenti-ation) rule out the possibility 
of Nd^**" being the source of the observed fluorescence. 
Moreover, configuration 4f Sd"^, which is an excited 
configuration of Nd^'*' lies low in energy^. The observa- 
tion of sharp lines in the blue region is inconsistent 
with such a possibility. This unusual behaviour of 
samples prompted a fresh look on their absorption spectra 
Some extra lines are found in the absorption spectra of 
samples doped with 99,9% pure Nd202 which are not present 
in the absorption spectrum of the samples with 99,999% 
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pui 0 ^'■■'^2^3* rhese extra lines which do not belong to 
.. 3+ . 

Nd ions ale Ij.sted along with their polarizations 
and relative intensities in Table II-8 and II-IO. From 
these tables we notice the near coincidence of the 
absorption lines in the blue region (20499 cm"^ for 
PbMoO^^ sPr^"^' and 20 502 cm~^ for PbWO^: Pr'^'^) with the 
lowest energy (20492 cm“^) Ar"*" laser line for which 
tho induced fluorescence could be observed. Thus a 
correlation between the existence of extra lines in 
the absor].ition spectrum of PbXO^jNd^"*" and the appearance 
of visible fluorescence in these sarrples is clearly esta- 
blished, The sharpness of the fluorescence and the extra 
linos in the absorption spectrum indicates the presence 
of some additional rare earth ion impurity. A comparison 
of the energies of the extra lines with the spectra of 
rare earth ions^ suggests the extra lines to be due to 

q , 3+ ^ 

Pr impurity v/hich usually accompanies Nd , The 

near IR fluorescence observed in PbMoO^ crystals is due 

to both Pr'^'^' and Nd'^''' ions. In the forthcoming sections 

we prencnt an interpretation of the observed fluorescence 

and absorption spectra of Nd^"^ and Pr^"^ irtpurity ions in 


these host crystals. 
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1 • 1 and Absorption Spectra of PbMoO^ : Pr^"*” 

A comparison of Pr *" spectra in other hosts 
(e.p, LaCl^ / LiYP^ etc,) reveals that the extra 
absorption lines (in our samples with 99.9% pure ^< 1202 ) 
in the blue region are due to transitions between the 
ground and the ^Pn,i.,2 f^ultiplets. Absorption line at 

2'n49"9 C1T') cm corresponds to the transition (O cm/ ) 

3,., .. .3 

pQ, The rnultiplet does not split in the crystal 
field and is represented by the tetragonal symmetry 
representation , On the assumption that this is an 

electric dipole transition, the selection rules for the 

? 

f ■' configuration in symmetry (cf. Table III-6) would 

require the lowest Stark corrponents of the ground multi- 
3 

plot to belong to the representation. At 90 K, 

the Ar"^ ion laser lines at 20492 and 20987 cm ^ which 

closely match (within the widths of these level cf 

3 3 

Table II-8) the energy gaps for P^ and P^ respectively 
induce intense fluorescence from these multiplets. As 
expected this fluorescence is more intense when the 
incident radiation is absorbed by the samples in JT-pola- 
rization. Fluorescence from P^ state could also be 
observed when the samples are excited by the extreme 
blue line (21838 cm“^) of Ar"^ ion laser. art from 

the fluorescence from the ^P^ to the low lying multi- 

' ■ 1 . 

plets we have observed fluorescenc6 from D 2 multiplet 
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Q.lso wh0n lasox* lxn 6 s in ths blue iregion exe used foir 

excx tc3.tion« bsterowxtz and, coworkers^ have not reported 

^2 f ® biYP^sPir samples under* similair 

conditions^ The multiplet ^^2 populated by the tran- 
3 I 

sition Pq D ue to the spectral range limitation 

of our monochromator, we were unable to ascertain the 

nature of this transition (radiative or nonradiative) « 

According to Reut and Ryskin'^, transition is 

primarily non- radiative. The large energy gap betai/een 
3 . 1 , 

and D2 multiplets, the temperature independence 

3 1 

of the ratio of intensities from and D2 levels^ 

and the constancy of this ratio under excitation to 

3 

different terms of Pj multiplet rule out the possibility 

of direct, Raman, Orbach or multiphonon process es being 

1 

responsible for the non-radiative transition to D2, 
Further at these low levels of Pr^"*" concentration the 
ion pair cross relaxation process will also be ineffec- 
tive, Reut and Ryskin have proposed that the de-excita- 
tion can take place through the interaction of charge 

transfer states (virtual charge transfer), Ofiis mecha- 

3 

nism involves transfer of an electron from the Pq level 
to one of the closest lattice ions, relaxation to an 
intermediate state and then again transfer of electron 
to Pr-^"'" but now in ^D2 level. These aiithors have given 
the following e>?pression for the decay r*te for such a 


process 
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W 


Vd 

<rp 


A 


A. 


rD 


1 1 
Tq * 5((tT 


(4.1) 


where I and l ^ are the relative intensities for 
^D 2 — and transitions, is the life- 


is a factor 


time of level o((T) = — ^ — ~ — 

1 + e / 

taking, into account the population in the sublevel 
of the term and 


A. 




A, 


■O'D 


■;fP' 




is the ratio of transition (radiative) probability, 

3 1 

They have estimated ^ D 2 decay rate for PbMoO^ 

* 

which is approximately five times higher than for 
PbWO^. Our absorption intensity measurements (cf. ' 
Tables II-8 and II-IO) show that 


( A /A ) 

o P PbMoO, 


rfP C-D 


1.5 


(4.3) 


Further, from our fluorescence intensity measurements 
(cf. 'tables XI-3 - 4) it is seen that 


(I ^) 

tru trp pbMoO, 


iiU cfp pbwo. 


1.1 
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Ihe factors ■/.(!) because of similar Stark splittings 
will be tins same for PbMo^jPr^'’' and PbWO^sPr^"^ at a 


given temperature. 


'io require the decay rate in PbMoO. to be 

4 

five times higher than in PbWO^sPr^''", the life-time 
of D2 iGvel in PbWO^:Pr ‘ should be three tiraes higher 

3 t 

than that in l^bMoO^^Pr . The validity of this hypo- 

thesis can be checked if the life-times of state 

3+ 34 - 

in I. 'bMoO^j .'Pr" and PbWO^:Pr' are measured. Anyhow, 

3 1 

under theoo excitation conditions both P^ and 
levels radiate strongly. The observed fluorescence 
Spectra consist of well separated groups of sharp lines 
which are listed in TablesII-3 and II-4. Based on the 
absorption and fluorescence data and the eisctric dipole 

selection rules given in Table II-6, an energy level 

3 *•*« 

diagram for Pr' ‘ in PbMoO^ crystals has been proposed. 
This is given in Fig. lV-1. The following groups of 
transitions are observed. 


ihis group of transitions is shown in the segment 
a— b of Fig, 11-12, Besides the fluorescence lines from 
to multiplet, some Raman lines also sometime 

appear in this group. These could be sorted out with 
the help of Raman spectra given in Fig, 11-22. These 
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interfering Raman lines appear at 20174 and 19621 cm“^ 

when the sample is excited by 20492 cm”^ (4880 A) Ar"^ 

laj^ei .line and at 2 0116 cm ^ xvhen excited by 20987 cm”^ 

laser line, Hov/ever^ Raman lines do not overlap with 

the fluorescence from when the sample is 

excited by 21838 cm ^ laser line. Excluding the Raman 

lines, a total of seven lines at 20499 (1T) , 20438 (<r) , 

2n37B (rr) , 20324 (rf) , 20317 OT) , 20238 (n^ and 20101 (c^) 

cm“'^ are observed. The lines at 20499, 20438 and 20101 

cm”^' represent transitions from to Stark levels 

0 4 

at 61(;2) atd 398 cm” respectively. Other 

lines which are weak (e.g. lines at 20378, 20238 cm”^ 

-1 

shifted by 60 and 200 cm relative to the no phonon 

line at 20438 cm~^ and lines at 20324, 20317 cm~^ which 

“1 

are displaced by 175 and 182 cm respectively relative 
to no phonon line at 20499 cm ) ^belong to the vibronic 
transitions. Their shifts are equal to Raman active 
vibrational frequencies (cf. Table ll-ll), 

4 , 4 

Five transitions at 16755 (IT), 16632 (TT) , 

16751 i<T), 16522 (o') and 16452 (IT) cm” ^ are observed 
in this group (cf segment e - f of Pig. 11-12), Three 
lower levels of multiplet at 16583 (T^, 16632 ( I ■^) 
and 16820 ( P3) cm”^ and a level at 131 ( P^) cm 
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could be established from this group of transitions. 

The levels at o( and 61 ( i^) cm"^ already esta- 

I)li;.:lu.i(l l:rom ' ?■ group of transitions could be 

confirmed. 


Three transitions at 18278 ( r), 18254 (a-) and 
IBOlO (n) cm~ are observed in this group (cf segment 
c - d of Pig. 11-12) . Reut et al have not reported 
any npectral lines in this region. Tliree levels of 
,,it 2221 ( 2245 ( and 2489 ( could be 

established. 

Pour very weak transitions at 14387 («")/ 

14375 (b), 14361 (.r) and 14338 (r) cm“^ have been 
observed in this group (cf segment e - f of Pig. 11-13). 
The transition 14361 cm”"^ has been placed between the 
levels 16583 ( l^) ern'^ of and 2221 ( !'y cm“^ of 

multiplets. Transitions 14387 and 14330 cm"^ ori- 

. * ^2 1 
ginate from the levels at 16632 and 16583 cm of 

miiltiplet respectively and teminate at 2245 ( 13 ) 

cm'”’’' level of The transition at 14375 cm~^ could 

not be placed in this scheme. 
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3p ......v3 

^ 0 “ 6 

.1^ tXTS.n.s i txQXis 0,t 16180 ifT) cinci 16133 {cr) Qnt' 
hdV0 b60n observBcfl, for this group vcf segiriGnt a — b 
of Fi9# 11—13) ^ This observation agrees well with 

that of Reut et al®. Two levels of at 4319 ( 

fl —I 

and 4 360 ( i ,^) cm could be established from this data. 
1 3 

bur ‘k 

This gx'oup contains five lines at 12310 (TT) , 

12210 (71), 12187 (rr)^ 12085 (^) , 12028 (a-) cm~^ 

(cf segment a - b of Fig. II-14), Authors of Ref. 8 , 

have not reported the weak transitions at 12085 and 
_1 

12028 cm , Further, we do not observe lines at 12266 
_1 

and 1217 3 cm reported by these authors. Levels at 

4319 ( /'p) and 436Q ( ( cm"”^ of already deter- 

3 3 

mined from the Hg fluorescence could be confirmed 

“•1 

and two more levels at 4396 ( /^) and 4555 ( P g) cm 
could be established from this group of transitions. 


'Two very strong lines at 15461 (7T) and 15452 (‘^) 
cm~^ shown in segment c - d of Fig. 11-13 have been 
observed in this group. Two levels of F^ at 5038 ( 
and 5047 ( f\) cm"^ could be established. This assign- 
ment is in agreement with the one given in Ref. 8, 
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1 .3 

■^D2"— ^ P2 

Only two lines at 11587 (cr) and 11533 (t) cm“^ 
are observed in this group (cf. segiaent c - d of 
Fig. 11-14) instead of the three reported in Ref. 8 . 

The missing line at 11593 cm“^ is probably obscured 
by the broad band at 11587 cm'^. Further, the placement 
of the transition 11534 (d) cm~^ between the Stark level 
5062 ( / y cm“^ of the multiplet ^F 2 and 16583 ( cm“^ 

r 1 

level of multiplet by these authors is not warranted 

from selection rules and energy considerations, in our 
level scheme the lines at 11587 and 11534 am originate 
from 16632 ( 1''^) and 16583 { ^'’ 2 ^ cm~^ level of ^D 2 respec- 
tively and terminate at the level 5047 ( ^ 3 ) cm of F 2 . 

_0 l3 

Pour linos at 14115 ( ") , 14036 (m), 14019 (PT) and 
13990 (cr) cm"^ are observed in this group (cf. segment fi.-g 

of Pig, 11-13), The transition at 13990 cm is not 

3 

reported in Ref. 8 . Three levels of P 3 6388 ( 43 )/ 

6413 ( r'^) and 6480 ( .' 2 ) cm“^ could be determined from 
this information. 



This group contains only four lines at 10195' (c*) , 
10153 (TT), 10121 (<r) and 10072 (C") cm~^ (cf. section a-b 
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oi Pig. 11-15) . The lines at 10215 and 10244 cm~^ 
repoa-ted in Ref. 8 have not been ooserved by us. ^art 
[from thca luvols derived from 3^^ fluorescence, 

one more ■^P3 level at 6509 ( ry cm"^ could be established. 


Two lines at 13687 ('m) and 1366 2(,?ld cm“^ appear 

in tills t.iroup (cf. segment h-i of Pig, II-13) . These 

have been placed in the level diagram between (20499 

cm and the levels 6812 ( f' ) and. 6837 ( i ') cm”"^ of 

o Z 

3 

" reap actively. This assignment is in agreement with 
Rof. 8. 

13 

Six linos at 9813 (: ), 9792 C/T) , 9767 (cr) , 9638 

in ) , 9598 (■:!") and 9541 (tt) cm“^ are observed in this 

group (cf. segnient c - d of Pig. 11-15), In the energy 

rnaP/ linen at 9813 and 9792 cm have been placed bet- 

v/oon the level 16632 ( of multiplet and the 

level 6812 ( '"'3) cm"^' of ^P^. Transitions at 9767, 

9638, 9598 and 9541 cm" ^ are placed between the level 

16583 ( Z'^) of and ^P^ levels at 6812 ( T^) , 6944 

( Pj ) , 6985 ( ^3) and 7044 ( f"^) cm”’’’ respectively. 

^ 1 1 8' . 

Trn,nsltion at 9647 cm reported by Reut et al rs not 


observed here 
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J 11 Lhib group we do not observed the line at 
107 ',,.2 ('. ) reported in Ref. 8. Instead we see two lines 
ill- 10016 ) cm and 10960 (,m) cm ^ (cf segment e — f 

of Pig. 11-15). These are the transitions from the level 

3 

to levels 9539 ( ^ 2 ^ and 9583 ( cm“^ of 

Apart from this observation one line at 9998 (T) 

cm i.i! oboorved (cf segment b - c of Pig. II-14), This 

1 3 

may I'l'-i a transition from to 

3 

1,2 Plxioroscence and Absorption Spectra of PbWo ^ :Pr 

The fluorescence and abso3:ption spectra of Pr^”*" 
in PbWO^ij and PbMoO^ are quite similar, -The major diffe- 
rence lies in the fact that for PbV70^:Pr^’* the two addi- 
tional levels (located at ''■v22 cm on either side of Pq 
also sijow observable fluorescence to many of the lower 
Pr'^"^ multiplets. This feature is absent in PbMoO^ crys- 
tals. These two levels may belong to Ig multiplet. 

Most of thcf multiplets in PbWO^ are somewhat 

higfuir ( *■■30 cm“^) than their energy positions in 
pbMoO^. However/ the limited Stark structure observed 
Col’ PbWO^ has splittings comparable to those observed 
for PbMoO^. Based on the fluorescence (cf Table II-6 
and 7) and absorption (cf Table II-lO) data, an energy 
lovol diagreu-a for PbW 04 :Pr^+ (shown in Pig. IV-2) has 
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been proposed here. Relatively fewer levels could be 
os Lablislied lor PbWO^ sPr^'*' because no near IR region 
fluo rose once could be observed. Even the visible Pr^+ 
fluorescence in PbWO^ is considerably weaker than one 
observed in PbMoO^. The relatively weak fluorescence 
in P.bWO^ can be explained in the following manner, 

Iho tibsorpbion of laser radiation at 20492 cm ^ can 
not r.xclte (20 564 cm“^) from the ground level 

^^4 ^ The Pq level in PbWO^ can however 

bo .ippronrltod if substantial population exists in the 
excited level (s) of the ground multiplet. In case of 
PbMoO^this excitation takes place through the transi- 
tion ( > 2?i0 cm“^) — >^Pq ( P^) (20499 cm“^). The 

laser radiation will be absorbed more efficiently in 

the later case (cf Tables II-8 and II-lO) , A similar 

-1 

situation occurs when 20987 cm line is used to induce 

3+ 

fluorescence in Pbvro^sPr , Fluorescence can be induced 
o _i + 

with the 4727 A (21154 cm ) line of Ar ion laser but 

-1 

biiiw ]. ino is very weak compared to 20492 or 20987 cm 
lasf.'r liner:. Details of the observed groups of transi- 
tions in PbWo^;Pr^‘^' are given below. 

3 3 

Tills group of transitions is shown in the a - b 

3+ 

section of Fig. II-16. As in the case of PbMoO^tPr , 
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hern rilfio some Raman line overlap in tiiis region. The 
inter Coring Raman lines lie at 20249 cm"*^ when fluore- 
scence in induced by 21154 cm"^ line of Ar^ ion laser. 

A total of nine lines at 20586 iiT) , 20564 {IT), 20543 {^) , 
20502 {■:"), 20398 (CT') , 20362 Ot). 20335 (TJ), 20245 (U) 
anc] 2 ( : ) cm are seen in this group. The lines 

at- 20^')86 CiH * and 20543 cm ^ are from to ground 
I, eve, I cd.; The line at 20564 is a transition 

beti/ocnM {ind the ground level of ^ while the 

liiH.^n i,\i: 205 02 <arid 20155 cm ^ have been placed between 

3 3 - ' '-7 ' 

“pQ .ind l:hc,> Gt.'ir'k levels of at 62 ( f^) and 409 ( > 

1 1 
cm " respectively. The weak lines at 20398 cm and 

— 1 —1 

20 362 cm ’ spaced by 181 cm relative to no phonon 

lines at 20586 and 20543 cm~^ and 20245 cm”^ shifted 

-1 -1 

by 319 cm ’ relative to no phonon line at 20564 cm 

belong to vibronic transitions. Their shifts relative 
to no phonon lines match ;\7ith observed Raman vibrational 
frequencies (cf Table 11-12), 

1 3 

"a 

The structure of this group is different from 
that of the corresponding group in the case of 
pliJuoO^ : Six lines at 16865 (cr)^ 16661 (TT), 

loGol C l, 16587 iff), 16557 (cr) and 16545 (<r) cm“^ 
are present in this group (cf section e - f of Fig. 11-16) . 
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Three lower levels of i.e. at 16865 ( 16661 (P^), 


16617 ( cm 


tion. 


3... 


could be establisiied from this infomna— 


The '“H levels at O ( r„) and 62 ( ) 


cm 


-1 


esta- 


bllnlKit, j tile fluorescence of could be veri** 

fled, Iraiisibions at 16587 and 16545 cm ^ could not be 


placed in this scheme. 

3 3 

^ I-h 
0 5 

Only one strong transition at 18o61 (TT) cm""^ as 
shown in the section c - d of Fig. II-16 is seen in this 

3 

group. This we believe is a transition from Pq to 
2503 ( ! 2 ) level of (analogous to 1810 cm"^ line 

in PbMoO^ rPr^"^) , 


'Two prominent lines at 16239 (TO and 16191 (<r) 
cm"" (shown in the section a - b of Pig. 11-17) are 
observed in this group. These transitions have been 
placed betx^reen and the levels 4325 ( I 2) and 4373 


('■3) 


cm" 


of respectively# 




Here two rather strong lines at 15507 (tt) and 
15501 (’Cf) cm”^ are accompanied by several weah ones 

(cf segment c -• d of Fig. II-17), m accordance with 



135 


the level scheme Ifor PbMoO^ , these transitions are 
}),l.ic'(xl i.u:v/con and the levels 5057 ( P ) and 
5 0C>3 ( ( 3 ) cm“ of P^. The line at 15529 (TT) cm~^, 

ive believe is a transition from 20586 ( P' ) cm“^ of 

"*L 

• I. level to 50 57 ( P;) cm“^ of ^P^. 

3 3 

Three lines at 14191 (cr) , 14165 (cjl and 14137 (TT) 

'1 

cm ' be Lon.] to this group (cf segment e - f of Pig. 11-17). 
Ana, iogo^is to PbMoO^; Pr^'*' the transitions at 14165 and 
14,137 enr^' are from to levels 6399 ( P^) and 6427 
cur of; P 3 . Line at 14191 cm“'^ is a transition from 

2 0586 ( I cm ^ level of to 6399 ( f~^) cm~^ level 
of 

3 3 

Pq ^ 4 

Three lines at 13737 (d , 13710 (TT) and 13721 (H) 

cm“^ uro obwServed in this group (cf segment g - h of 

-1 

Pig, 11 - 17 ) . The lines at 13737 and 13710 cm are 
transfi tlons .from, to levels 6827 ( / 6854 ( /"^) 

of luultiplet. The line at 13721 (ri) cm“^ is a tran- 

sition l,)Otweon the level 20543 ( ( 3 ) cm of Ig and 
lovcil 6827 ( i'l) cm"^ of 
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^ and Absorption Spectra of PbMoO ^ 

1)1 tJie near IR region, fluorescence from ^^ 3^2 

inultiplet of Nd^+ to lowlying raultiplets 

lias been observed. Fluorescence from to 

^ '3/2 13/2 

and ^15/2 could not be observed due to the 


spcc.itril range limitations of our monochromator. The 
ol.nvx'jrvay'l near IR fluorescence due to Nd^"'" ions despite 
their much higher concentration in the samples is much 
weal'usr comparet! to that of Pr^"^ ions. The reason for 
this relatively weak fluorescence of ions is the 


unavailability of any strongly absorbing level in the 
blue region'^ (cf Fig, 11-18) for an efficient excita- 

«.jL J- 

tion of Nd" ions by Ar ion laser radiation, in parti- 
cular 4880 % laser line used for this purpose. The 
positions of "^^ 3/2 could be easily ascertained 

from tlie ’ ^^3/2 absorption spectmm at 90 K 

(cf Fig. 11-19 and Table II-9). The details of the 
observed groups of transitions in the fluorescence 
spectrum (cf Table II-5) are given below. 



Eight lines at 11435 (IT)./ 11397 (TT), 11355 (iDi 
11304 ( <r- ), 11225l(/r)v 11191 11089 ( Tf ) and 

11033 ( rur) are observed in this grotp (cf segment d-e 

-1 

of Pig, 11-12), The line at 11451 cm , 


observed by 
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I'-Oiilov, could not be observed here because 
c)l. (;l)c wcalv fluorescence from in our case. 

Kor 111 .' .'.MiiK' r-oason, the line at 11394 . cm“^, _qbserved by 
dULliors in both V and C polarizations could be 
observed here only in tT polarization and not in cr . Kie 
or.L.jLn o..," tlie 1.1 ne at 11435 (H) cm“^ is not understood 
-/i;; euiild noL o hi.ribute this line either to ild^'^' or Pr^"^ 
hilt; oil,, 'tvi "' 1 I )Ol.;t ri nations and wave numberposi- 

"t'ioti;; .11 ohi'iii,’ linos in this group are in agreement with 
the dntri of r<c«[-, 1, 



In this group (cf segment c - d of Pig, 11-13) , 

tf'ic 01'uoroGconce lines observed at 9490 ( TT ) , 9447 ( 7T ) , 

0394 ( -'.T ), 9357 (-f) , 9294 ( Tf ) and 9262 ifT) cm“^ are 

.in .fo.isonably good agreement with their reported positions 

in Rcif, 1, However, lines at 9462, 9435, 9405, 9320, 

_1 

9:';3rt cm ' rov>orted in Ref. 1 could not be observed here 
ni.c'H.; dC.iin 'ino to v/eak fluorescence. 

■ih.n'.c observed groups of transitions are repre- 
siUTlnbl In the energy level diagram given in Pig. IV-3. 


riser Power 


of Fluoresc.ence Intent 


Intensity of and ^ Hg fluorescence 

Vt/ns measured as a function of laser power using neutral 





©jonii indino 



Laser p er (mW) 


-ig. lV-4: Fluorescence >- Laser power 
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Uoii.-'ihv liiter;.:. 'This dependence is shov;n in Pig. IV-4, 

.1. t idiovy:,. Lhrit, at lov;' pov/er level of incident laser radia- 
tion/ the i 3.uorescence output increases linearly with 
the iMci^.'fatit laser poiver, while at pov/er levels greater 
than 1 v/att tne fluorescence output tends to saturate. 

At ;.;.ati' ration all ions present in the optical path are 
invo.lv!. 'i It I tiiC fluorescence. 

2 . ' 'IJArilhTATIVa RESULTS 

A detailed interpretation of the experiraental 
data 'wLli require the diagonalization of the complete 
energy matrix in vdiich the Coulomb/ spin-orbit and 
ci.yntal field interactions are included. If the free 
ion and crystal field parameters are simultaneously 
tre^^tc^u as adjustable parameters in a least squares 
fit/ the crqnntal field parameters v/ould try to corrpen- 
sate for the inadequacies of the free ion parameters. 

Tliis may improve t’ne fit for the C.G. 's of the levels 
but tiif,'; ar''';-.ital field splittings v/ill be adversely 
af:r:octc?d. Hence, it is desirable to do the calcula- 
tionn in tv;o steps. In the first step the free ion 
parainoLors are adjusted to fit the "free— ion" levels. 

In, the second stage of calculations the crystal field 
interaction is brQught in and crystal field parameters 
are adjusted i.n the same way. 
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2 . 1 F ree ion Calculations 

-Lo 0.0 tain the free-ion levels^ one needs to 
calculate ciie C, b. 's of the Stark splitted levels of 
each nmltipiot , In rare earth spectr-urn all the Stark 
cornponcn to dte yenerally not seen, Soraetimes the selec“ 
tion rn.1 eo forbid some t.ransitions and even all allowed 
t.rn t'K ; i bions may not be obsera^'ed; some lines are either 
WGH IV or so lj,road as to blur the details. Further, it 

11.1 also not always possible to separate levels of diffe- 
rent i.r-mul tip lets v/ith certainty. In such a situation 
an initial sest of crystal field parameters can be used 
to estimate the positions of missing levels and thus 
approximate centre's of gravity can be estimated. The 
p»ositjon:". oi" centres of gravity can be improved v;ith 
each refinement of crystal field until' no appreciable 
change occurs in the position of free ion levels. Free 

ion C.G. 's were roughly estimated from the experimental 

3 3 3 3 3 

data for the nmltiplets , ^6 ' ^2 ' ^3 ■' ^4 ^ 

^"D,^ , -'“p, and For determining the C.G, of 

2, ij ■ 2 

multiplet, vre used the position of the uppermost ^2 

Stark component as reported in Ref. 8 because this 

level was niicsing in our data. The C.G. s of Pq , 

and mul tip lets were quite accurately 

determined from our experimental data while the esti- 

3 3 

mate of C.G. 's of other mul tip lets e.g. Hg , / 
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3 3 .^ 

and was rather crude since complete structure 
of tliGso inulLiplets could not be obsrenved. Free ion 
energy matrices v/ere constructed for Pr'^’’’ in the inter- 
liiediate coupling scheme follov/ing the procedure outlined, 
in appendix HI, Free ion Hamiltonian included electro- 
static, spin orbit and configuration interactions. The 
ancjulvir parts of matrix elements ■■•jere calculated using 
the formulae given in Chapter III, The program was 
v;ritten so as to arrange the eigenvalues in ascending 
order f;or o.ach of the J-value. Prograra v;as tested with 
various sets of parameters available in the literature, 

9 

It is seen from the earlier work that four parameter 

fit (neglecting configuration interaction) leads to 

large r.m.s, deviation ( ''^100 cm ) compared to the fit 

yielded by seven parameters. Hence a seven parameter 

fit was preferred over four parameter fit. The parameters 

9 . 

given by Carnall, Rajanak and Fields for LaCl^ predict 
frcne-ion levels which are in fair agreement with our 
cst.i mated C.G. ‘s although some discrepancies remain. 

•For and multiplets the disagreement x^as as high 

as 100 It was therefore necessary? to improve 

upon these parameters to some extent. Thus a seven 
parameter fit was car.ried out for eight estimated free- 
ion levels using the parameters of Carnall et al as 
the starting parameters. The resulting parameters gave 
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ail r.m.s. deviation' of 16 cin“^ and are listed in 
Idble IV~1 along witli the estimated and calculated free- 
ion In the paraiTif-her set so obtained/ only two 

p cl IT a.ni e ters t and Y ciiffer substantially froru their 
initial values while;: others remain almost unaffected.. 

The tv/o piiraiTieters E -ind are related by common teinn^^ 
S(iJ-i-l), it one of these changes other will also naturally 
got .'i(:i'cv;tf>( !„ The levels which are included in the least 
;:;qun fon calculations are rather insensitive to these para- 
meters, This can be verified from the numerically calcu- 
lated partial derivatives of the chi-squares fiinction 
(sum of squares) with respect to the parameters 
(cf Table IV-2) which is a measure of the sensitivity to 
the parameters of the function. Thus we feel that the 


The r.iTi.s. deviation has been cef-Lned as 

■ 0 

fT" = '5» 1 / n 

IT ^ 

where A. is the differences between calculated and 
obscr/ed le\^el«-h n is the the number of levels used, in 
the least square fit. P = is the chi-square 

funct..Lon to be minimized in least squares calculations. 
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table IV-1 

Fr' 0 ©*^xon p©.irQ.rn 0 t 0 irs obtsiiiBci fjroni ssvgh psrarriBtsirs l 0 a.st 
scju0.ir0S fitting of tho Gstimatoci 0xpeiriin0nt8.1 fiTBS— ion 
C.G«*s. 


= 5336.2 

cm“^; 

32 = 21,83 cm""^; 

■E^ = 460*18 cm~' 

<■ = 736.92 

cm ; 

;X = 20.79 cm“^; 

3 = -821.51 cm' 

‘ J 


>• = -2527.78 cm“^ 



S.N. 

Multiplet 

Exp erimental ly 
estimated 
C.G 

a (cm ) 

Calculated 

C.G. 

b (cm""^) 

Difference 

G ■= ( a-b ) 
(cm“^) 

1 

3 

200 

200 

o 

o 

2 

3h 

“6 

4442 

4427.8 

14.2 

3 

p 

2 

50 56 

5061.4 

-5.4 

4 

3„ 

p 

3 

6447 

6443.5 

-23.5 

5 

3 

6900 

6898.9 

1.1 

6 

Ir^ 

2 

16776 

1 '77 6.5 

-0.5 

7 


20498 

20466.8 

32 

8 

3.p. 

^'2 

22203 

r.m.s. 

22231.0 

deviation = 16, 

-28 

o -1 

9 cm 


stairting parameters were those given in Ref. IG for 
LaCl^lPr^^. These are listed in Table IV- 
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table IV-2 

Parameter Depenclence of Chl~Scruare Function Including 
3 3 1 3 

^4,6 * ^2/3,4 ' ^2 " ^0 2 Free-ion Energies 




Free Ion 
] ’ax'amote.r 

Starting 
Parameter' s 
Value 

Parameter Dependence 
of Chi-Square 

Function 3F/ d X 

1 

rn 

4713.8 

108,15 

*& 

21,89 

25580.00 

e3 

464,23 

22594,00 


742.68 

1708,00 


22.8999 

-14755,00 


-676.97 

91,06 

7 

599.51 

18,85 
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ircf.> ul t.i.riy uet ol: parameters describe the CoG„‘s of free 
ion levels well* 

2 « 2 Crystal Field Calculations 

The v;avQf unctions obtained in the free ion calcu- 
at'!,:' used as sero order functions :Eor the perturba— 

t.i on calculations of H' . Energy matrices for the three 

c iry 

representations ^ ' 2 constructed 

.•icc:orci uxj to the procedure given in appendix III. Angular 

parts of the matrix elements were calculated using the 

formulae given in chapter III, s.ec,-3. Initial set of 

crystal field parameters were derived from those of 
3+ 

PbMoO^;Nd' following the approach outlined in chapter III 
Since the exact positions of the experimental 'free-ion* 
levels are not known accurately the energy differences 
among the Stai'k splitfed levels for each multiplet were 
calculated with respect to the lowest observed level of 
that multiplet. A total of eighteen such energy diffe- 
rences from various multiplets v;ere used in a least 
squares fit. It v;as found that the initial set of para- 
meters v/e re considerably off the mark. A four parameter 
lea, St squares fit was carried out for the four levels of 
These parameters gave an r.m.s. deviation of 
and are listed in Table IV-3. However/ these parameters 



148 


TABLE IV-3 

Crystal Field Parameters for the Four Parameters 
Least Sqiaares Pit* for the Stark Levels of 
Multiplet 

643,05 cm“^ ; 
230.38 cm“^. 


= 215,19 cm“^ ; = - 

n'^ = -1002.9 cm~^ ; = 


Stark 

Coniponont 

Ejcperirnental 
Energy (cm“l) 

Calculated . 
Energy (cm“^) 

Difference 
c = (a-b) (cm""^) 

r'a 

9 

-6.4 

15.4 


49 

52.6 

-3,6 

' 3 

238 

239.4 

-1.4 

, 

' 2 

444 

442.6 

1.4 


r.m. 

s, deviation = 

8 cm""^ 


*Pree-ion parauietorD given in Table IV-1 were used in 
this coJ-culations. The initial crystal field para- 
meters v;ere derived from those given in Ref. 1 2 for 
PbMoO^, following the procedure described in 

Section 3 of Chapter m. 
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not iturtch at all with those reported in Ref. 8 

for D 2 , At this stage more energy difference ;were 

brought in and seven parameter fit xvas carried out for 

eight enorg- differences resulting from and 

1 . . .. 

D 2 lULii Liplets . Once again the starting parameters 

i^oro tiio:,.'.i„' obtained from PbMoO^sbld^'*'. Two sets of 

[.ui r. [ii;o ti '.r;-! result which give the same r.m.s, deviation 
- - — 1 

o:f: 0,7 cm The two sets of parameters were found to 

corriif'.potK i to different choices of x and y axes. The 
lor'al nvnuTietry at the Pr site fixes only the 3 axis 
and Jimvog Uie remaining axes unspecified in the x-y 

piano. The two sets of parameters are related by the 

• - • 1 1 

following transformation equation 


/ 

("pg ] = Cos(q<i ) + Sin(iqd> ) (4.4) 

\ (^q)y (±q) ^ (+q) ^ 


k 

(±< 

Gystein rotated anticlockwise through the angle 0 about 
2 axis with respect to the frame with parameters 
The axial parameters and remain invariant 

under such a rotation of coordinates as they are inde- 
pendJont of the choice of x and y axes. The tv/o para- 
meter sets for this fit along with the calculated and 
Gjgjex'imental energy differences are listed in Table IV, 4, 
These parameter jsets are related by the rotation of 9,3 


where (B 


d) 


refers to the parameters in a coordinate 
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table IV- 4 


Qv y.^.,jrIL^ ~j- C onrsSDondT nrj 

for Eleven Stark Components of 


to Seven Param e ters Fit 
1 ' ■' 

■3 Multiplets 


Set A 


Bn 

n 

= 2 35, 

.77i2,29 

1 “1 
' cm 

7 

= 

-648.74^5, 

55 

-1 

cm 

0 

= -27, ( 

54+9,26 

-1 

cm ■■ 

7 

= 

-1031. 7±4. 

89 

-1 

cm 


= -62 5 

3.93^28. 

9 Gm“^ 

7 


= 140.35+32 

.77 

cm*”* 




R ' - . 

4 ” 

-864.48+21 

,68 cm ^ 







Set B 





0 

= 235, 

,77'i2,29 

-1 

cm 

# 

/ 


-648.7415. 

54 

--1 

cm 

4 

B 

4 

= -906.E36±27, 

35 cm~^ 

i 


21.26+58.2 

^ -1 

3 cm 


= -27. 

,63+8.25 

-1 

cm 

/ 


-511.63+48 

.99 



= -1068+6,56 cm* 


, . Eotli .i 

below; s 

ietG of E- 

'araraeters give 

Identical Stark Splittings (given 

l-UiltiE-ilet 

Sterk 

Compo- 

nent 

Ccilcuiated 
• Stark 

Splittings 
a (cm~^) 

Ejqperimental 
Stark 
Splittings 
b (an“^) 

Difference 
c = (a-b) 

/ -Is 

(cm ) 

3 

T'l 

0 

0 

0 

4 

^ 2 

^3 

64.87 

61 

3.87 


’I 

123.4 

131 

-7.6 



222.6 

- 

- 


*3 

393.96 

398 

o 

• 

1 


^2 

429.4 

- 

■ ■■ 


ri",',; 

455.3 

- 



contd, 
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table IV-4 (contd, ) 


Multiplet 

Stark 

Compo- 

nent 

Calculated 
Stark Split 
tings 

a (cm""^.) 

Ej^perimental 

Stark Split- 
tings . 

b (cm"'^ ) 

Difference 
c = (a-b) 

(cm“^ ) 

3 

fa 

0 

0 

0 


*2 

-25.17 

- 



ri 

36.47 

- 

— 


*2 

103,41 

92 

11,41 


•I 

108*01 

121 

-13.01 

lr> 

2 

*2 

0 

0 

... 



46.28 

49 

-2,72 


/3 

236.60 

238 

-1.4 


f2 

447.84 

444 

3.84 



r. 

m.s. deviation 

= 7 cm~^ 


Pree-ion parameters given in Table IV-1 were used. 
Initial values of crystal field parameters were derived 
from those given in Ref, 12 for PbMoO^jNd^"^ following 
the procedure outlined in Section 3 of the Chapter Ili^ 
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al:u-)ut the;' 2 axis. The values of four parameters B 
„4 ,,.4 


‘0 ^ “0 ' 


B 


R 

4 " ’^^4 


are iairly close to those obtained from the four 


parameters fit for level. At this stage the eighteen 

3 3 ^ 1 , 

^6 ^ -^2 ' "-'2 ' 


energy differences from 


3., 


^'*2 ' '^''3 tip lots v/ere included in the least squares 

ca I cu 1 o t'.i.oiis. The starting parameters were those given 
in l.n- Lv.! .i. y— 4. Both sets of initial parameters convercre 
to tile same final sot of parameters. Pinal parameters 


arc <j Ivon in Table IV-5 along xvith the calculated and 

GxpxiriiTiorital energy differences. The r.m, s. deviation 
. . - 1 . 

rs 22 cm ' . Froe-ion C.G. 's xvere re-estimated at this 
point and a least squares fit for 8 free-ion energies 

was again carried out. Final free-ion parameters T,^hich 

-1 

yield an r.m.s. deviation of 12 cm are given in 
Table IV-6 along with the calculated and estimated C. G. ‘s. 
Intermediate coupling wavefunctions calculated v/ith these 
parameters are given in Table IV-7, Using these refined 
'froG-ion' parameters, least squares fit for crystal 
fic.'ld cnex"gy differences was repeated. Results of this 
fit along with the parameters are given in Table IV-8, 
Prct,!-ion C.G. 's were restimated but no appreciable 
cbancfc; occured. It can be seen here that the values 
of are very large compared to those reported in 

Rof . 1 f or Nd^"^ ( cf Table IV-9 ) . This indicates the 

■ 3+ ' " • ■ , j» ' 

symrnetry in case of Pr . It as to 


rulovanco of 



Table iv-s 
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Flc 'ld Paramet^r.c ... 

o— -B-..^o^ least- squares E .tt-.* to 25 Star-lc 

mponent s of ‘^l-i 3 — £§£lS- 


4,6-^ — £.2,3,4-^ 


Bq— 226, 44-!-l , 59 b"" 


-£.2 ^^^'‘^^'^iplets- 


34 = -946.44+47.6 cm“\. -196.88+108.65 


-462^25+4.31 cm“^; B^= -87.78±e.06 cm* 


= -409.01+110.26 cm"^. sf 


10 ■j- jtrk 

Multiplet Compo- 
nent 


Calculated 
Stark Split- 
tings 

a “ (cm'*!) 


= -931.07+2 3.40 < 

Ej<perimental 
Stark Split- 
tings 

b (cm"'^) 

0 


Difference 
c = (a-b) 

(cm“^) 


• 3 

73.94 

61 

12.94 

ri 

124,84 

131 

-6,1 

‘1 

199.59 

- 

mm 

(3 

383.58 

398 

-14,42 

ri 

405.58 

— 

_ 

*2 

423.22 

- 

- 

f3 

0 

0 

0 

ri 

-4,56 

25 

-2 9.56 


13.9 

- 


fl 

144.03 

132 

12,03 


179.86 



dCi. 

13 

189.62 

173 

16.62 

'I 

262.89 

2 32 

30.89 

l2 

0 

0 

0 

6' 

60.70 

47 

13.7 

il 

104.24 

77 

27.24 

To 

188.24 

— 



contd. 



TABLE IV~5 (contd, ) 
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Multiplet 


Stark 

Compo- 

nent 


'1 

rs 

(2 


Calculated 
Stark Split- 
tings 
a (cra“^' 




194.23 

203.00 

290.35 


Experimental 

Stark Split- 
tings 

b (cm~'^ ) 


236 


Difference 
c = (a-b) 


(cm"^) 


-33 



ri 

450,75 

— 



|3 

505,87 




f 2 

564.53 

— 

- 


f 2 

0 

0 

0 


(3 

-4.39 

9 

13. 3< 


Ti 

3.382 

- 

-w 


?2 

63.29 

- 

- 

1 

^2 

P 

0 

0 

0 


fl 

71.79 

49 

22 . 7S 


^3 

213.2 

238 

-24.8 



4 ‘x 3 , 5 

444 

— 0.5 

3_ 

P 

2 

i~i 

0 

0 

0 


i3 

43.6 

- 

— 


f 2 

64.79 

- 

— 


<2 

143.0 

148 

-5.0 

3 

F 

^3 

(3 

0 

• 0 

0 


*2 

-19.88 

25 

-44.8 


E 

26.7 

- 

— 


r 2 

90.41 

92 

-1.59 


J3 

99.24 

r.m.s 

121 

Deviation 

-21.76 
= 22 cm"^. 
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TABLE IV-7 


I nte mediate 

__Coupling Wavefunctions 


for the Froe-ion i. 

■'arameters 

Set Given in 

Table IV-1 


Eigen Values 


Basis States 


57 502 

2 '■'2 66 

"o 

S.9976 

0.0687 

-0.0687 

0.9976 


20010 

3p 

1 

1.000 



2,;.? 031 

1(j576 

■■1B61 

2 

0.2952 

0.9433 

0.1515 

3p 

2 

-0.0315 

-0.1488 

0.9883 

^2 

0.9549 

-0.2966 

-0.0142 

6243 

^3 

1.000 



9616 

6699 

0.0 

^^4 

0.7974 

-0.5808 

0.1634 

-0.1142 

0.1207 

0.9861 

3p 

^4 * 

0.5925 

0.8050 

-0,0298 

2065 

"^5 

1.000 



.,1 1146 

42 27 

^6 

0.9986 

-0.0534 

0 

0.0534 

0.9986 



contd., 



TAP.I.E 'LV~7 (contci.) 
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(b) for biio ]'’rae-:lon 

Parameters S^t 

Given in Tnbi « 



J Eigen Value 


Basis States 






0 9'1832 

^0 

" 0 


0.9993 

-0.0353 


2 0268 

0. 0353 

0.9993 



3,-, 



1 20738 

■"1 



1.000 




It, 

Dt, 

3t, 

P- 



2 

2 

2 

22004 

0.3031 

-0.0331 

0.9523 

16546 

0.9402 

-0.1518 

-0.3046 

4800 

0.1547 

0.9878 

-0.0148 


3 622 3 

1.000 





3rT 

3 


n 

4 

H . 

4 

F 

4 

4 9678 

0.7967 

-0.1163 

0.5929 

6690 

-0.5807 

0.1241 

0.8046 

0.0 

0.1672 

0.9854 

-0.313 






"5 



5 212 3 

1.0000 




^^6 

^6 


6 2 0762 

0.9984 

0.0564 


4 33 6 

-0.0564 

0.9984 
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table IV-8 


Corresponding to the L east-Squares 
i':'or 2(3 Gt'.-irk Conroonents of ^ 


Bq = 2 22,6+1.59 cm“-" 
= -8 1 , 65=^' 5,09 cm" 


-463.48+4,35 cm 


/ 3,4 ' 

-1 


2 ' 2 


-951> 35152.77 cm 


-1 




■.183-07±118.51 cm 

, 6 


-1 


= -417.72+120.17 cm“^ 
936.98±23.5 cm"^ 


run Lip 1.0,1: 


Stork Calculated Experimental Difference 
Co,u'ipO“ Stark Stark c = a“^ 

Splittings Splittings 


a (cm~^) 


b (cm”'^) 


(cm*'^) 


1 1 , 


^ 2 

0 

0 

0 

'*# 

* 3 

72.6 

61 

11.6 

r? 

' 1 

125.0 

131 

-6,0 

'1 

202.3 

- 

- 

'■■3 

384.1 

398 

-13.9 

' 1 
i 2 

407.6 

- 

- 

423.8 

— 

mmt. 

1 ) 

\ *:i 

0 

0 

0 

' 0 

'■ 2 

-4.9 

25 

-29.9 

' 1 

i . 

: *] 

16,5 

— 


145.3 

132 

13.3 

1 0 

181.6 

- 

- 

•3 

•’ i 

190.5 

173 

17.5 

263.8 

2 32 

-31,8 




G 


' 2 
? 3 
1 1 


0 

60 

103.5 

191.1 


0 

47 

77 


0 

13 

26.5 


contd 
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flu 1, blpl 

S cark 
t Corap 0 - 
nont 

Calculated 

Stark 

■Splittings 

1 

a^,,..(.cm~ ) 

Exp e rime n'tcri 
Stark 

Spli'ttings 

b ( CITl“ ~ ) 

Difference 
c = a“b 

( cni ^ ) 


1 

194.8 




' 3 

203.6 

2 36 

-32.4 


* 2 

2.94.3 




■ 1 

451.9 




i 

' 3 

507.5 




'2 

567.1 



3,,-, 





3 

^2 

0 

0 

0 


'3 

-4.2 

9 

-13.2 


^'1 

3.4 

- 



* 2 

62 . 5 

- 

- 

• ll 

’ 2 

0 

0 

0 


'1 

73 

49 

24.0 


' 3 

213 

238 

-25.0 


'2 

441.7 

444 

-2.3 


1 

0 

0 

0 


■ 3 

44.4 

- 

- 



61.6 

- - 

- 


2 

142.4 

148 

-5.6 

3 

■"3 

' ^ 

0 

0 

0 


^2 

-19.8 

25 

-44.8 


‘ 1 

27.6 

- 

- 


i 2 

91.1 

92 

-0,9 


^ 3 

99.4 

121 

-21.6 



r. 

m.s. Deviation 

=22 cm~^ 


I'Top-ion I'araineters given in Table IV-6 were used for 
tl iin I ilvting and initial crystal field parameters were 
those given in Table: IV“5 
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lu. noU,Lce<l here that the r.m.s. deviation of 22 cm-^ 
i.n laiye. Similar r.m.s. deviations for 

ioM li, iv(.' i.HOoP reported in the literature , Further, 
for riiul hip lets the calculated and experimental 

order of energy levels does not agree e.g. ( P ) 

1 • Y 

is hi'-fhor tnan F^ ( '2^' vmereas calculations show it 
( I td I! ' I j . JO, A r one looks at the relative separation of 
varloiin lo',/lying raultiplets (e.g. -"Hg ^^2 , ^F^ and 


3 


olu.;.) and tl'ieir crnstal field splittings, it is 


ovidiiiii. that tht3 asstuiiption of neglecting u'-J mixing 
i.i'! not well justif'ied atleast for these multiplets. In 
ttiG ffo.l lowing discussion we have tried to estimate the 
(ixtcnit of J~J mixing present amongst various multiplets. 

2 , 3 J'. 


Crystal field energy matrices for / ’2 ^"*3 

3 3 3 

represfin tations involving levels of ^5 / ^2 ' ^3 

multiplets were diagonalized with the parameters of 
Table IV-fS, The results are shov/n in Table IV. 10, We 
no tiro tore that the order of the longest two levels of 
■^P,,is rovorsod bringing it in agreement with the exp eri- 
i.ioiital rxisnlts. Similar improvement is seen for ^F ^ 
uiiil [vipj.oy. But the situation for becomes worse. 

A lool« ri’t tho jLnteirrfiGdi8.t6 coupling v/avGf unctions 

for: readily provides an explanation for this discre- 


pancy, 


Th.e wa vef unctions, for the mult ip le.t have 



tabl: 


i r’MV .'l. "Vo.L calculations 
mil l vvith J~J mi xin 

Tables Iv^-l and IV-5. 


Multiplet 


Stark 

Compo- 

nent 


Calcu 

Splitt 

with 
J-J 


Mixing 



■ 2 

f 

' 3 
‘ 1 
• 2 

*1 

: 7 > 

'2 

' 1 
I 'D 

' 2 


0 
79 
142 
172 
228 
2 34 
282 
484 
509 
559 




10 



i2 

* i 

‘3 


0 

-1 

11 

97 

133 
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0 

0 

-19.88 

25 

26.7 

- 

99.24 

121 

90.41 

92 


contd. 
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'rAl31..E IV-IO (contd. ) 


Multiplet 

Stark 

Calculated Starl-c 

Experimental 


Compo- 

Splittings (cra^*! ) 

Stark Splittings 


nent 

with v/ithout 

J-J j-j 

Mixing Mixing 

(cm“l) 


0 

0 

0 

-10 

-4.56 

25 

30 

13.9 

- 

101 

144,03 

132 

135 

179.86 


108 

1S9.62 

173 

111 

262.89 

232 
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mxxxng from We are therefore not justified 

in diagonalising the and matrices separately. 

To do full just-!-ce to these calculations one must carry 

out a least squares rit including J—J mixing, Hov/ever, 

due to sparsity of available experiraental data such an 

attempt can not be justifiably made. Still the effect 

ot J-iJ mixing is clearly demonstrated. It is therefore, 

tlo.slrable to obtain more complete ejqperimental results. 

Calculations including J-J mixing completely will not 

b.',' formidable for this system. Since the Stark split- 

tinqs for PbMoO^gPr^'^' are coirparable, no separate cal- 

3 

culations for PbVJO^sPr ‘ are needed. 

3 • RAIMAM spectra of PbMoO^ AND PbWQ^ SINGLE CRYSTALS 

Rarnan spectra of PbMoO^ (of Fig. II-22r-23) and 
PbWO^^ (cf Fig. 11-24^ single crystals have been analysed 
following the approach outlined in sec. 4 of chapter III. 
Details of the analysis are given below ; 

3*^ bolect!on Rules . 

Ihe St, mature of PbMoO^ and PbWO^ single crys- 
tals has been described in sec. 4 of chapter II, It 
iTiay bo recai.led here that these crystals have the 
point group symmetry and space group symmetry i^ ^/a 

Tlie unit cell has four formula units. Ihe molecules 
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at the body centre are related to the molecules at the 

coi lu-it. o (, the unit cell by the simple translations 

operations. Thus the primitive cell has only tv/o formula 

units with 12 atoms. There are 36 degrees of freedom. 

The isolated tetrahedral unit XO^ has T^ symmetry and 

its vibrations span the representations A-I-E+2F2. In 

the lattice each X atom occupies site and there are 

two units per primitive cell. Thus each representa- 

tioj) ol. must cover vibrations from both xol” units. 

Site <.U'>d i'actor group splittings of the vibrational 

ino'leo of XO^ units are shown in the correlation table 

IV-ll(a). It is seen from here that the internal vibra- 

7 - 

tions of the two XO^ units will span the group 

representations 

SAg 3Bg + 2Eg + + 2B^ 2E^ 

The species with the subscript g are Raman active and 
those v/ith the subscript u are IR active. Table IV-11 (b) 
gives the site and factor group splittings of the 
Oj'; tc, 3 rni'i.'l modes (Rotational and Translational) involving 
ttio i.iotionr. of the rigid XO^" units. The rotational 
niotles span the point group representations 

A + + B + E 

* *g g 11 U 

2 - ■ 

arid external modes of XO^ cover 

B + E^ + A,. + E 

g g 01 U 
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TAELS IV- 11 a 

S ite and Fac tor Group' Splittings of the Vibra tions of 
Unit. 



X~(L afjymiiu 
L'.jn'l 
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table IV- 11(b) 

of Externa]. Modes of 

X0^ "'~ Units. 
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TIt: external modes of two Pb^' 


ions occupying the S 


alne I'jav'o the same distribution among irreducible 
of as tliat of XoJ“ units 
(ci: Pig, IV-ilvc)/'. 'Ihus the 26 nodes of two formula 
unitr; in the primitive cell are distributed into the 
irrcducibla representations of as belov; 


?A 


15., -1- 5E_ -h 


g 




2 b'/iumetry Assignments 

The poiarisabiliti;' tensors are given below 



\ 


0 

"‘yy 

0 



0 



I 

‘ j ^yx ~*’W 

i 

‘0 0 


o\. 


i 

r, 

0 / 
i 

f 


\ 



■ 


].1, l,'(2c;''!mc£:' 
v/l.Ll yicl'.:i 
will vlcld 
v;i.ll yield 
gj ve 


evident from here that measurement of 
only Ag. type vibrations; measurement of 
only Eg vibrations, measurement of 
only Bg vibrations and that of .o<.yy will 
vibrations. From these considerations the 
of the observed lines could be readily 


syniuetrieo 
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> on hha basis of their relative intensities 
•du .11-12. and 12) in various geometries. Though the 


ia(„)vh:}s have 


\xx ' '‘\-v -''Vc? rionzero-.in the 


x(z:-:-, )y gooinotiv only tv/o band (at 905 cni“^ for 

PbWi\, :,nrl at -871 cm"^' for PbMoO^) and V (a ) band (at 
1 ■^ 9 ’ 


119 -m 


.OL i'bMoO^ and at ZZ8 cm for PblfO ) appear 


uiillcj ti ;; third one corresponding to the rotation (P^) 
ahoiit, i'i~a.;in (k.Ha;i not appear here. This appears in the 
x(yy);; ‘looiuetry. Apparently, the dipole matrix element 


Cor I'.lii;; liioflc! in x(zz)y geometry should be small. All 


thri bands could be assigned unambiguously. The observed 

h.'iinan actives internal and external modes of PbMoO^ and 

PbWO^ single crystals are listed in Tables T.V-12 and 

lV-13 along with their symmetry assignments, respectively, 

13-14 

Ti’iir. table also provides a comparison with earlier X'/orks 


on these and other similar crystals. According to Khanna 

et al"'^"'^, the two bands degenerate 

~ -1 

in and show correlation field splitting of 3 cm 

in ..'.n/stals. We observe the correlation field 

spl i. Id: III ' oC 3 cm”’*' in PbWO^ and 1 cm“^ in PbMoO^ for 
those batnls. Further, the band h 2 

l;lin higher fi'eguency than band. This is not in 

agniouio rl: with earlier works on these and other similar 
crysbalo' Correlation field splitting for 
cuul bands of only 2 cm“^ is seen here for both 
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I , lilt I j/bl-JO^ cirystals whils Klianna ot al* hav© 

•'! -i splitting of 8 cm"^ in FbMoO. and 5 cm"^ in 

nc 

I'l.H'Ji. cjrystals . The two bands whici- appear at the same 

— 1 — 1 

ire'tnericios 61 cm “ (E ) and 75 cm (B ) in both PbMoO. 

g g 4 

Sind i , cr^/stals should correspond to the motion of 

■'.I. 

Pb" ' ions in x-y plane and along z-direction respectively, 

“1 —1 

'I’lii'; ol.hcr twi.-i external modes at 64 cm (3 ) and 104 cm 

y 

( ^ ) in 1 'bfioO^I (at 52 cra~^ (B^) and 80 cm'*''' 

2 - 

I'bWO^) v.'ill belong to the translations of XO^ units. 

Al'l •.)b:’'Orved Raman lines are in accordance v/ith the group 
i:hoo.ia.'tical predictions except one extra line appearing 
at 'i'l in both PbMoO^ and Pb'wO^ crystals, 

cirigin of this line is not clear. 
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CHAPTER V 


CONCLUSIONS 


In the present work we have atterrpted to inter- 
pret the fluorescence, absorption and vibrational spectra 
of PbMoO^ and PbWO^ single crg-stals doped with Nd^'*' and 

3-t. 3 .„l 34. 

Pr" ' . Ne have assumed here that Wd and Pr substitute 

9 -I- 

for Pb“ . The site symmetry at this site is S.. Tine sym- 
metry assignments of the Raman active vibrations in PbMoO 
and PbWO^ crystals are in agreement with earlier works on 
these and other similar crystals. These sanples when 
excited by the blue lines of Ar"*" ion laser showed very 
strong fluorescence which does not agree with the known 


4 


energy level scheme of Nd 


3+ 


The visible fluorescence 


3+ . 


has been attributed to Pr ions while the near IR region 

3 j - 3.1. 

fluorescence is due to both Nd ‘ and Pr ' ions. The 
estimated concentration of Pr^"^ in chese crystals is less 

than a ppm. In the near IR region very weak fluorescence 

3-t- 4 n 

of Nd ' from 0/0 multiplet to eleven low lying levels 


of I 


?./2 

/o and ‘^I-, - multiplets have been observed. The 
y/ i 1/ ^ 


positions of obse 


ic/e 


d fluorescence transitions are in 


fair agreement with the earlier work of Kariss and 

3+ . 

Peofilo . Crystal field calculations for Nd ion rn 
PbMoO^ crystal have been done in the past and the spectra 
are well understood. Therefore, we have not attempted 



i7*r 


any energy level calculations for Nd^''. Fluorescence 

from Pq and multiplets of Pr'^'*' ion to low lying 
3 3 1 

^4,5,6 ' ^7,3,4 ^4 i^nltiplets has been observed. 

From the absoxoticn and fluorescence data, a total of 

"3 . 

33 levels of Fr'" in PbMoO^ and 19 Pr'^ ‘ levels in Pbvro^ 

3-'- 

have been o-otained. In case of Pr ' many Starlc compo- 
nents could not be obtained because the transitions to 

these levels were either not allov/ed or very weak. The 

3 

weak transitions my become observable if ir'r ' concentra- 
tion in the crystals is increased. This is supported by 
our limited study on concentration effects. These studies 
need to be extended. Some of the lines, in particular 
the one at 9998 cm could not be identified. Such prob- 
lems can be resolved if dye laser is used for selective 
excitation of fluorescence. 


For Pr ' only 
carried out by Reut 
values of 3':^ , 3^ , 


a 

et 

-4 

^4 


preliminary analysis has been 
al. They have determined the 
parameters using the Stark split- 


tings of multiplet only. ‘Tjriey have assumed sym- 

Q f 

metry at Pr site for this analysis. In this v/ork we 
undertook detailed theoretical energy level calculations 
for Pr^ ‘ ion in these hosts. The quancities v;hich could 
not be obtained from ab-initio calculations were para- 
meterized. Empirical values of these parameters are 
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obtained by the method of least squares fit. Energy 
level calculations for PbWO^:Pr^ have not been attempted 
in this work. We expect the crystal field parameters of 
PbWO^sPr'^ to be somewhat similar to PbMoO^ : Pr'^’*’ parameters. 
The bulk of the energy?- level calculations for PoMoO^sPr^"*" 
have been performed v7ithout J~J mixing. The calculations 
are done in two stages. In the first stage the free ion 
energy eigenvalue problem has been solved in the inter- 
mediate coupling scheme. The 'free ion' Hamiltonian 
included electrostatic/ spin-orbit and configuration 

interactions. This entails the parameterization of the 

12 3 

following quantities -E , E / E , f , , / sK, , S and -Y , A 

' 3 + 

least squares fit to the estimated c g ' s of eight Pr 
multiplets ( g / 34 ' ^^2 ^^0 2^ PbMoO^ 

host v/as carried out to determine these parameters. The 

-1 

resulting parameters yielded an R.M. S. deviation of 16 cm 

In the second stage of calculations, the crystal field 

interaction, v/hich is treated as a small perturbation 

to the free ion Hamiltonian is brought in. A four para- 

1 

meter fit to the Stark splittings of multiplet yielded 

—1 

an R.M.S. deviation of 8 cm . The resulting crystal 

field parameters , 3^ and did not agree to the 

corresponding values reported by Reut et al. A seven 

3 1 

parameter least squares fit to 11 levels of , D 2 

and ^F 2 multiplets yielded two sets of parameters giving 
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the sanie ’ir.rn^s*" deviation of 7 cm These sets of 
p airarnet ers weire found |to correspond to different choices 

C In 

of X and y axes which are not fixed by the site symmetry* 

The axial parameters and , however, remain 

invariant as they are independent of the choice of x and 

y axis. The two sets of parameters are equivalent as they 

give identical "r.m.s." deviation. These calculations 

were further extended to include 25 levels of ^ , 

4,6 

3 1 3 3 

^2 3 4 ^ ^0 ' ^9 rnultiplets of Pr . The resulting 

k ^ 1 

Bg parameters gave an R.M.S. deviation of 22 cm“ . The 

free ion C.G. 's were reestimated at this point and the 

free ion parameters refined to yieldi-wg-an R.M.S. devia- 
-1 

tion of 12 cm , The crystal field calculations for 2S’ 
levels v/ere repeated with these refined free ion para- 
meters but the fit did not improve any further, A conpa- 
rison of parameters for Pr^"^ and Nd^"^ in this host, 

indicates the relevance of symmetry for Pr''"*'" ion. 

The theoretically predicted order of some levels in 

3 

2 4 rnultiplets is not in accordance with the experi- 
mental results. It has been demonstrated that the cause 
of such discrepancy is the neglect of J-J mixing in our 
calculations. An atterrpt to estimate the extent of J-J 
mixing was made. The energy matrix for the Hamiltonian 
including both free ion and crystal field interactions 
was solved using the free ion and crystal field parameters 
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r;a,lculations. It has been shox^m that the 
ii'i • I u;; i,uii C)I J~J mixing effects can alter the level posi- 
l-icm;: i 'y a,:: much as 2S cm One can expect greater 
I'Nirr. ■aiiomlf/'nc.. between theor^^ and ejgjeriments if the least 
square .iri.ilysis is done including J-J mixing. Such calcu- 
ialaoii:'' (’I) iild not be performed here due to insufficient 
I fuii' ;nl',a;i data, 

111 coiinlusion, we believe that these studies help 

uj! toWiii'ds a better theoretical understanding of the role 

3+ 

ot v.i,r],t,)us Interactions in the Pr spectra. The observa- 
tion of such strong visible fluorescence from such dilute 
s.itiiplos of speaks for its high quantum efficiency 

whicti in an important requirernent for efficient laser 
materials. Further, studies on quantum efficiency and 
lllfetinie nioasurerrients can be done to determine the poten- 
of thos.o materials for laser applications. Lifetime 
i[i'',istiroiiu?,nts will also be helpful in understanding the 



rel axation 
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DOUBLE MONOCHROMATOR GDMIOOQ 

This double monoehroniator errploys two autocolli- 
mated monochromators, each v;ith a concave mirror and a 
grating (651 lines/mm) in Littrow arrangement, placed 
one behind the other so that the dispersion of gratings 
are added and coma .aberration of mirrors anulled. This 
results in an outstandingly sharp image of the entrance 
slit in the outlet slit plane V7hich is free from coma. 

Other image aberrations (e. g. spherical, astigmatism etc.) 
are negligible due to the chosen focal length of the 
mirrors (f = 1100 mm, aperture ratio 1:10,4) and the small 
angle of incidence of rays on the concave niirror. A field 
flattening lens in front of the outlet slit is used to com- 
pensate for 

(1) the curvature of the field arising from the concave 
mirrors 

(2) wavenumber dependence of line curvature 

Field flattening lens forras an image of the aperture 
area at a distance of 235 ram behind the outlet slit. The 
monochromator has a built in 25 cps chopper and an auto- 
marking generator. 
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calibration chart 

Source used for calibration s Ne discharge tube 
Spectral region 2 3000-1 7 000 cm“^ (Ilnd order) 


Standard Wave No, 
— 1 

(crns ) 


Observed on omiOOO 
(cnis~^) 


1. 22037,33 22034 

2. 21256,71 21253 

3. 21236,55 ,21233 

4. 21231,55 21228 

5. 21222,11 21219 

6. 21207.35 21205 

7. 20881,52 20878 

8. 20715,32 20712 

9. 20471,17 20468 

10. 20173.35 20170 

11. 13758.98 18756 

12. 18722.75 18719 

13. 18715.08 18712 

14. 18516.59 18513 

15. 17347,8 17344 

16. 17086.75 17083 

17. 17001.32 


16998 


191 


AE-TENDIX I 
CAL IBRATION CHAI^T . 

Source used for calibration ; He discharge tube 
Spectral region 17 000-1 1000 crn~~ (1st order) 


SI. No. 

Standard 

Wave No. 

{cm“^) 

Obs erved on ' 
GDMlOOp . 
(cm“^) 

1. 

16734.9 

16734 

2. 

16583.75 

16583 

3. 

16462,7 

16462 

4. 

16224.7 

16223,5 

5. 

16084.2 

16084 

6. 

15957.88 

15957 

7. 

15786.74 

15786 

8. 

15666.68 

15666 

9. 

15619.51 

15619 

10. 

15154.21 

15153.5 

11. 

14431.123 

14430.5 

12. 

14219.87 

14219.5 

13. 

13939.345 ^ 

13939 

14. 

13302,305 

13802 

15. 

12047.721 

1204-7 

16. 

11935.583 

11936 

17. 

11771,132 

11771 

18. 

11581.249 

11581 

19. 

11554.837 

■ 11554 

20. 

11521, 41 

11522 

21. 

11518.18 

11519 

22. 

11279.35 

11280 
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Ar~^ ION LASER 

1, DESCRIPTION 

In an argon ion laser, stiirulated emission 

betv/een population in'/erted energy levels of the argon 

ions talce place«In Fig, AUDI the energy levels of Ar"^ 

ion and laser transitions are shown. 'The most prominent 
o , 

one is at 4880 A. The Ar ion laser can be operated in 
the pure Ar discharge. The excitation mechanism of the 
lasing levels involves the multiple collision of ground 
state ions with the energetic electrons (4-5 eV) followed 
by a number of cascaded paths. . The ionization and excita- 
tion of the gain medium requires heavy direct discharge 
within a narrow bore (segmented graphite, ceramic etc.) 
sustained between two high pov;er electrodes. An axial 
magnetic field concentrates the discharge along the bore 
axis. Lasing action is sustained w:’ :h the help of a 
resonator cavity consistiric:- of a highly reflecting mirror 
and one semitransparent output mirror. The difference in 
the gain for different lasing lines requires different 
excitation conditions. For Carl Zeiss model ILA 120 Ar 
ion laser, the threshold current and maximum power output 

o 

ax'e given in Table AII,l,The pov/er for 5145, 5017 and 4965 A 
laser lines increases with decreasing magnetic field while 
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Table A~II.l 

Threshold, current and nnaxiraurri output pov/er for various 
laser lines. 


Lasing line 
wavelength (^) 

Threshold 
current (Amps) 

Maximum output 
power (m Watts) 

4579 

13.5 

250 

4727 ■ 

16.5 

180 

4765 

11.5 

600 

4880 

10.0 

1700 

4965 

12.0 

450 

5017 

17.5 

240 

5145 

15,5 

1500 



for other lines the power increases with the increase 
in magnetic field, Optimijm setting for the magnet 
cui'rent is 5 Amps, The plasma tube and the solenoid 
are coaxially mounted and are v^ater cooled to dissipate' 
heat. Due to hard water usage the scale builds up in 
the cooling jacket. Scale can be partially removed by 
circulating dilute acetic acid (5-7%) for three to four 
hours . 

2. LASER POWER SUP'' PLY 

Excitation requirements of Carl Zeiss Model ILA 120 
Ar"^ ion laser a)?e furnished by Carl Zeiss Model NG-300 
power supply which can operate between 240 - 320 volts 
and for discharge currents between 10 - 30 Amp, 

The 380 volts a-c. mains is fed to a 3 phase- variable 
voltage rectifier bridge consisting of six thyristors. 
Output voltage of the rectifier bridge can adopt any vol- 
tage between 0 and depending upon the firing angle ■ 

of the thyristors. -The rectifier voltage after proper 
filtering is fed to the plasma tube through a current 
stabilizer, voltage control loop whose output acts 
on the control element of -fche thyristor keeps the voltage 
tapped betv/een the plasma tube and the current stabilizer 
at a constant value. After switch-on the voltage to the 
control loop rises slowly so that the capacitors are pro- 
tected against over current. Desired current can be , 
manually adjusted between 10 Amp - 30 Amps, 



Laser’s magnet coil is energized by a s^rate stable 
and low ripple po-:,.-er simply consisting of 3 phase half 
v'ave rectifier in star connection. "filtered d-c voltage 
is fed to the magnet through current stabilizer. Magnet 
current is adjustable between 2 - 7 x^imps. The regulator 
passbank of supply is water cooled. The plasma tube 
cathode is heated for 6 minutes prior to starting. The 
filament current is automatically sv/itched off when dis- 
charge current exceeds 22 amps. 

The power supply incorporates a nimber of interlocks 
and display functions. Interlocks and displays are facili- 
tated through logic gate circuitary. Following parameters 
are monitored which affect interlock of control circuits, 
(1) Coolant flow rats 
'2) Gas pressure in rhe plasma tube 

(3) Coolant teiiperature in the laser head 

(4) Instrument malfunctions 

Break-dcyrn of any of these parameters is indicated by the 
bli.r..]xiiig of the corresponding pilot light, 

.?cr safe operauion of power supply a delay circuit 
bec-omes active between switch-on and starting of the laser. 
After swithcing-on the main circuit the magnet coil is 
energized and cathode heating starts. After the heating 
period of 5 minutes the voltage across the filter capa- 
citors rises to the set point of .320 volts which adds to 
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the take-over voltage of 50 volts. Thus a net voltage 
of 370 volts is applied to the plasma tube. Now on the 
indication of ignition^laser can be started. The elec- 
trical layout of the power supply is shown in Fig. a-II- 2. 
Whole of the alectx'ical circuitry is installed in five 
chasic units mounted in a rack one above the other, 

Lovnest ciiasis unit carries connections of mains • 
phase and R. F. interference filter circuit. 

Second chasis incorporates the water sensor switch, 
main circuit breaker, water inlet and outlet connections 
for the coolant. For cooling, the laser head and the 
power supply are connected in series. Three fuses are 
proviied for protecting the thyristor starting unit 
against input voltage overload. A set of test points is 
provided in this chasis to monitor the functioning of 
various blocks. 

Fourth unit accommodates the rest of the tube, 
magnet and take over circuitory. 

The fifth cxiasis is the control unit containing 
13 circuit cards, w^iich irrplement all control, display 
and interlock functions. and mains 1.25 Airp. fuses for 


the control unit 
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t'i 

m X 
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3. OPEKATICN 

Below V7e outline the procedure for starting the 
laser in case the laser fails to excite according to the 
prescribed procedure, 

(a) Switch~on uhe power to tha control unit, 

(>E) If all display lights illuminate steadily, switch 
on the rr,ainpoX"7er circuit after the second lanp starts 
blinlcing, 

(C) Wiien the ignition light blinks after six minutes of 
previous operation, laser can be ignited. The ignition 
light will become steady. In case, the discharge is not 
sustained increase the magnet current in step of 0*25 Anp 
and try to ignite. If the laser still does not start even 
with maximim magnet current, monitor the gas pressure. It 
may bei high. In such a situation, the discharge voltage 
should be increased very slightly (by one or two volts) 
but never exceeding 3 BO volts, Laseir should now start. 

In case the circuit breaker breaks immediately after 
starting, tube voltage should be reduced a bit and the 
process repeated. 

Caution : Firing with high voltage will result in gas 

pressure reduction. After the circuit breaker breaks, 
the voltage should be reduced. Too many consecutive 
strikes with high voltage might result in gas pressure 
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deficiency, Hence^ to avoid circuit breaking many times, 
voltage should be increased very carefully and in the fine 
steps. Gas pressure should be monitored on the display 
meter. Alternatively it can be monitored from the discharge 
voltage. After 5 minutes warm up, the tube voltage should 
be 245 volts, if the gas pressure in uhe tube is sufficient, 

4. TROUBLESHOOTING 

Now in what follows, we will outline the tro'oble- 
shooting procedure, The flow chart in Pig.AII.3 gives the 
systematic approach for fault finding, 

(a) If just after putting on the main switch which energise 
the control unit, instrument malfunction is indicated. 
Possible cause of the malfunction is blown fuses in one of 
the three phases or 12 volt power supply (to energise the 
control circuits) . 

(B) If main circuit breaker breaks just after putting on 
the main circuit, piossible fault is witl"! the heating cir- 
cuit or the magnet power supply^ In case of diodes blown 
in the magnet supply rectifier or transistor failure in 
the magnet current stabilizer circuit follo'wing replacanients 
are suggested. 

Diodes - 12SM15 

Power transistor - 2N3055 










(C) If the circuit breaker breaks at the end of the 


heating time, there can be short circuit in the plasma 
tube supply. Possible causes of short circuit are blown 
thyristors or capacitor bank. Suggested replacement of 
the thyristors is T12P1000. In case of no faults v/ith 
the thyristors and capacitor bank, the likely troidDle 
is in the current stabilization circuit. Further by 
monitoring voltage at various test points and comparing 
the values and waveforms given in the circuit diagrams, 
one can exactly locate the fault. 

Caution ; Due to the leakage in the capacitor bank, high 
charging current might result in circuit breaking. This 
current surge can be dangerous for thyristors and hence# 
prolonged non use of the system should be avoided. Each 
time the capacitor bank is detached from the unit, it 
should be charged using the circuit of Fig, A II-4, 

(D) Just before igniting the laser the voltage meter 
should show SPO + 10 volts. In case the voltage indi- 
cated, is less and is 320 volts, laser can not be started. 
Possible cause in the voltage reduction is the blown fuse 
in the take over circuit. 

(E) If the output power is low, the resonator optics should 
be cleaned with the spectroscopic grade acetone. 





APPENDIX III 


1 . progr;\I'-imi!..'G op free ion calculations 

For perfonaing free ion calculations in inter- 
mediate coupling scheme, it is required to calculate 
the matrix elements of combined electrostatic, spin- 
orbit and configuration interactions. Since the 
Hamiltonian is real, the energy matrix will be real 
and symmetric. Then one needs to calculate the matrix 
elements along and on one side of the diagonal only, 

A typical matrix element is of the form 

Ed) = E' X A^(I) + X A^Cl) + E^ X A 3 (I) 

+ ^'^^xA^CD + axA^CD + pxAgd) 

+ rx A 7 (!) ,..(A3,1) 

where A^Cl) are the angular parts of the matrix elements 

and quantities m'ultiplying them are the radial parts for 

2 

which the usua-i notations have been adopted. For 4f 
? 3 4* N 

configuration '.e.g. ?r ion) only tv;enty one matrix 
elements of this tvae are to be calculated, /ill A,. (I) 
were stored sequentially and were then broken into sub- 
matrices one for each value of total angular momentum J, 
Matrices were diagonalized using the s^ibroutine 'EIGEN* 
obtained from IBM 360 scientific subroutine package. 

The eigenvalues wore printed out taking the energy eigen 



195 - 


value of the lowest level us the zero of the energy 

scale. Eigenvectors could be printed out whenever needed,. 


2 • PROGxWmiNG OF CRYSTAL FIELD CALC :JL AT IONS 

These calculations were done in t\vo Stages, First 
stage without J-J mi>:ing and in second stage with J-J 
mixing, 

2.1 Calculations Neglecting . J-J Mixing 

The t'scpression for the crystal field Hamiltonian 
is 


H (S J 
cry 4^ 


E bJ + E [bJ(c 

k=2^4,6 ^ ^ k=4,6 ^ ^ 


k,^(k) . „(kX 


-4 ■ 




(A3, 2) 


To calculate the matrix elements of the crystal field 
Hamiltonian the following quantities were defined 

i J-J^k ; 

L s ; 


ATOM(k) = (-1) 


'' '-L* -rJ+k r - - '■ 


0 +. 


[(2J4-1)(2u-U)] • 


X < f"U d SL ! 1 U ! 


(k). I (a. 3. 3) 


F(k,q) 


(- 1 )' 


•J-J 



q 



-F 


i 1 f > 

.. (A3. 4) 


A matrix element is then obtained by writing 

(k) 

ATC‘M(k) X F(k,q) in place of in the expression 

A-3 , 2 . The quantities < il U 1 ! > were taken from the 



tables and. 3-j and. 6— j symbols vjere calculated using 
the appropriate subroutines. The crystal field energy 
matrix is complex. It was converted into a real sym- 
metric matrix of tv;ica the dimensionality. A general 
subroutine v/ritten for this purpose was used. The real 
matrix was then diagonilized using the subroutine 'Eigen* 


2,2 Calculations Including J-J Mixing 

'Ilie energy matrix for the entire Hamiltonian 


w 


was generated by a procedure similar to those described 
in Sections 1 and 2,1, The resulting cortpl ex matrix 
is diagonalized as described in Sec. 2.1, 


3. MEMPUN 
3, 1 Source 


The program -was v/ritten by W. r;. Huirphrey at the 

1 

Lawrence Radiatic.,n Laboratory , This program v;as modi- 
fied for some of its input requirements, 

3,2 Purpose 

To minimize a. function of several variables. 

It can be used for the following two distinct purposes; 

(a) Finding the minimum of a function of n parameters 
as a mathematical problem. 



(h) Finding a fit for a set of experimental data to 
a given function by rainirndslng the sum of Chi-squares 
or the negative lograthiro of maximum likelihood function. 

3*3 Tlieory s (Procedure) 

This raethod is based on a program presented by 

A. A. Ty£^kin“ at the tenth Rochester Conference (1960), 

It uses the Ravine stepping method for finding the 

minimum. The philosophy of the method has been des- 

3 

cribed by I.M. Gelfand without mathematical details. 

The minimization procedure is analogous to the one a 
mountaineer X'7ill adopt for eaxploring valleys (minima) 
i.e, following the river ( Ravine) , It would be appro- 
priate in connection with this analogy here to quote 
the concluding, remark of the. authors of Ref, 2, 

it seems likely that there is a link between 
the simplex servomechanism^, blind search methods, local 
and nonlocal methods of automatic optimisation on the 
one hand, and the level of raotion forming in humanbeings 
or in higher animals, investigated for the first time 
by R.A. Bernshtein, on the other hand. Belov; the method 
is illustratod by the simple case of two parameters. 

Level lines of the function are shown in Fig. 1(a). The 
variable names which are used in the following discussion, 
appear .as symbols in the Minfun, The function F, para- 
mot er vector X and derivative vector G at a given point 



cirfcj labelled by the name of the corresponding point 
in the Pig. 1(a). ' 

Operation 1 : At the starting point B, the initial 

direction of the search EXVEC is taken opposite to 

that of the gradient i.e. -cit 

Operation 2 ; A step is taken from the point B to point 
C such that 

’xd" = XB'' + (STEP , WT) ixvic (A-3.6) 

where step is the step size and WT is the scalar array 
of parameters relative weights. PC, G(5 are evaluated 
at this point and a hyperplane is defined so as to 
include GC and EXVEC, A unit vector PSR^ is defined 

''y iij, 

which is perpendicular to EXVEC and parallel to -GC + 

> > 

Comp, EXVEC, where Comp = -GC.ZXViiC and is roughly the 

change in F for another step of same length along BC. 

Operation 3 : Along PEPC' a step is then taken from 

point c to another point T at a distance ALPKM, vjhich 
is o'- the order of twice the step size and is determined 
by the program, in the following manner d 

XT’ - XC 4- (ALPHM . WT) PERP (A- 3. 7) 

In the iaeal case the direction CT will cross a ravine. 

A point A now can be found at a distance ALPH from point 
C on t'l'ie pa.rabola passing through the point C and T, such 
that FA is less than FC and FT. Point A now becomes the 
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new starting point, a new EXVEC is defined as a unit 

— 

vectoi in the direction of (XA — XB ) and the v/hole 
process is repeated from operation 2, leading to the 
points t etc. If FA is not a nev? mininiura then 

the control is returned to the beginning of the current 
operation with ALPHM half of it previous value. If 
during a step AI'PHM becomes raore than twice the step 
sise then the present step is shelved, and a new step 
starts cilong GC from point c. In order to speed up the 
initial stages of the search, the program also uses an 
alternative method of minimisation (can be called as 
'multiple: stepping ravine' method.) which departs from 
the certain stage of the normal metiiiod. The program 
keeps a note of function values PC, the parameters XC' 
and the gradients GC^ for successive points of type C, 

An attempt is made to fit a parabola through the values 
PC^ and in a special way so as -co find another,point, 

as fax' away possible, which would give y©t lower value 


of the function. 


Test; 


ire made at each stage, if results 


are not acceptable the control is returned to the original 
method. As shown in Pig. 1(c) a unit \’'ector U is an the 


direction ^^ 2 “ XC^ and variable p rs defined as a scalar 
product XC . Assuming -the quadratic relationship 

bc:tx^een PC' and p as beloxv 




+ ajP + 3-]_, 


(A-3.8) 



liil.'i 1.;.! nhov/n In P.ig„ 1(d), Now let the 


the point M on 


ti'io lin :- G C,., give the minimum PM 

.1 iU 




2 

0.0 

4aT 

o 


dt p 


a.,/2a- 


(A-3.9) 


tlio ourv,.,tu,rd at M is , along the length of the 

r«'ivini3. A S'.;]i:!ares fit to a parabola through c. 

nn>i r:,, # t,'i,kjn.;.| i;he gradients GC^ and GC 2 also into 
grcounip is raade to detemaine coefficients 

'.hic'O M is found the fit is repeated with the three 
(joints 2 ^ their gradients and a new minimum 

pct.int V is determined. An estimate of the equivalent 
nuKiber of stops is given by 


STPS = - XC^ ( / STEP 


(A-3.10) 


and the direction of the ravine is given by the normalized 

I 

vector EXV pax'allel to (XM “• 

progx'am has two modes. In convergence mode 

It. irio'.i... out a minimum and then terminates while in the 

no.u'cii mo-1e it just eKplores 'a region of the parameter 

npcic.:! '''ithcut converging. At the end of the convergence 

run it c.nrries out an error analysis which is applicable 

Mm. purpose (b) only. The theory of error analysis 

4 

has tiofhi discussed by J, Ovear . 



3 , 4 Error Analysis 


ao2. 


Let X be the parameter vector for the minimiam, 

P tl'iG function value and the current value of the 
increments, (if minfun is doing the differentiation 
nuni<,M;-if’.illy} . Mov^r since 9P/3x^(X) = 0 at the minimum/ 
Llic d.i. I L-. it.'Oiii, :i.al I'clatj.on 

‘ !■! 2 . 

d(3P/:)x. ) = S 5—' (A-3.11) 

j=l 3x^ axj 


will reduce to the follox^ 7 ing set of simultaneous equation 
upon the replacement of differentials by finite differences 

6F = E6X (A-3.12) 

where 6P is a vector defined as 


6P, 


,, (X/ , , , X . -!- 6 X. « • * 

^"'i 11 (A-3.13) 


and E i'' m. .I'.rix with the following elements. 


3 P 




8 X 3 Xj 


(A-3.14) 


'l.'hohc c/..i nations can 


be solved to give 


j X 


= E” 6 F 


(A-3*15) 


can then be shown that the standard deviations in X 


arc 


= ^-2 E.T 

i ■ 


(A-3.16) 
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I'-iJ I if.: LU'i cl'ic.'cki; ivhether X - 6 X will give a new rninimma 
and then repeat..^ the process in the second pass with 
a new 6 X such that 



n/’E. . 
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(A-'3.17) 


' iiHarb Lkiramoters 

Pollov/.Lng inputs are required by the program ; 


i n V-/J ( 1 -f) ) !! Eacli element of this array controls the 
corresponding sense switch and can have 
the value 0 or 1. For details see 
Table (AIII-1). 

1 11 ’Aid Number of variable parameters n of function. 


3 . ; The maximum number of steps for this run. 

^Magnitude of the step for ravine stepping 
methcd. If STEP is positive^ search mode 
is used. If STEP is negative, convergence 
made is used. If STEP is zero,, it is put 
r= +1.0 by the 13 ro gram. 

K ‘-11 • ’’'’nu tolerance. Normally it is .zero. In the 

convex''CTi tid mode, if the function doe^ not 
change by more than this amount for each of 
eleven consecutive steps, the run is terminated. 

X' The starting values of the parameters. 



Value of i 
option No, 


Comment 


= 0 for maximxm liklihood function 
1 for chi-squared function 

This affects only the error analysis. 


? 


not referencednmay be set to sero 


3 Different minimizing procedures will be 

used by M INPUN, subject to certain tests, 
in order to give quicker convergence. 


4 Error analysis is carried out at ter- 

mination of run, including the error 
matrix and estimates of standard devia- 
tions of parameters. This option must 
not bo used in the searching mode, as 
the error analysis is then carried out 
for the last point reached, and not at 
the minimum. 



5 Additional intermediate print -out is 

produced, describing each new maximum 
and minimum as it is discovered; and 
giving summary tables with graphs of 
the function and each parameter over 
each group of 50 steps. 



6 0 for end of run 

:= 1 if data follows 


S.oS' 


' • v;eighting factors corresponding to the 

changes in the above parameters. These 
must be nonzero. However, we have noticed 
that a proper choice of weighting factors 
is very important for an efficient and 
successful run of the minimization routine. 

This point has been discussed in 
details in the next section, 

8, D iRIN ; Tlie Initial direction for the first step, 

'Phe individual elements of this vector may 
be of any size, as they are normalized by 
Minfun. However, their signs are taken into 
account. These may be put as zeros, if no 
special direction is required, 

f CHDATA ; Data for the input to PCN subroutine, if any. 
Modifications 

Since no rigid criterion v/as available for the 
choicG of IvT's in help of Minfun, Following criterion 
wuM evolved. The significance of the weighting factors, 
i'/T'n, in the program is as follows. The change in each 
p,,rMtii(!fcor at every step is proportional to the product 
of the corresponding weight and the value of STEP, 
ilonco, if the'* function is known to vary more rapidly 



with ru.'jpoct to some parameters, the corresponding weights 
should be small so that all the parameters are treated on 
equal footings. Th\is the weight of the parameters refer 
to their relative increments required to carry out the 
nn,mo chancio; in the function value for the variation of 
cMcdi parumcitor. Lot us consider the following differen- 
tLt'il r'jl.ifion (first-order approximation of Taylor's 
s o trii'C ) 

dP^ = dJ^grad^ P (A-3,18) 

where 1,2,3... i-1, i, i+l,,.,n. 


6 5^ •"£ (}^ - is the increment 


(uncertainty) in the th parameter, is the corres- 

ponding change in the function value and 


grad P;),/:!' F' = d F/dX^' (a-3.19) 


Tlius the weights (relative iuncertainties, I-^x's or rela- 
t:i.vo increments of the parameters as defined above, 
v/i.hh r,. 'Spent to i-th parameter will be 


0 A 

‘ K **• 6 X, 


grad^ F 


(A-3.20) 


gra<^ F 

Dap(,'iui:ng upon the magnitude of grad^F (derivative of 
the yturat. inter chosen as basis), the search will be coarse 
or fine. The program was modified so as to generate the 
W'L"rj internally. For this the derivative are typed on 



til'.' tnnaln.il and user is asked to specify the basis 
parameter, depending upon his choice for the nature 
of search (coarse or fine). Since no specific direc- 
tion is required for the first step, the vector DIRIN 
v/ar; set to oero in the prograin. Thus no input data for 
WT's DtRIN 'was required by the modified version of 

the prt.;''fr. ini. 
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And those staructures 
and theories which rna^^ calls knowledge 
and art are naught except shackles 
and golden chains which man drags, 
and he rejoices with th err glittering 
reflections and ringing sounds”. 


„ Khalil Gibran 





